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1.1 A simple fiber Bragg grating (FBG) reflects one particular wave-
length, and lets all the other wavelengths pass through. The limita-
tion is that there is only one notch in its transmission spectrum. This
figure was fromWikipedia: https://en.wikipedia.org/wiki/Fiber Bragg grating 3
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1.4 (a) The bright OH emission lines in the night sky are the main obsta-
cles preventing ground-based telescopes from reaching the sensitiv-
ity levels of space-borne telescopes at near-infrared wavelengths. (b)
Night sky spectrum from Ref. 7, dominated by hundreds of randomly-
distributed OH emission lines, whose absolute and relative intensities
are highly time-variable. In the astrophysics experiment, these nar-
row and highly time-variable OH-lines (of order 400 lines) of spectral
width of 0.3-0.4 nm have to be removed simultaneously with a large
suppression ratio of at least 15 dB. Reproduced with permission from
P. Rousselot, C. Lidman, J.-G. Cuby, G. Moreels, and G. Monnet,
Astron. Astrophys. 354, 1134 (2000), c⃝ESO. . . . . . . . . . . . . . 9
1.5 1-layer Structure of CWBG on Si3N4/SiO2 waveguide platform. The
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2.1 In LP/LA algorithm, the overall grating is discretized into many small
segments, each with a length of ∆. The total length of the grating is
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precisely using (2.32) one by one. The reconstructed spectrum can
then be checked using (2.33). . . . . . . . . . . . . . . . . . . . . . . 26
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2.2 Synthesis of a grating with a special spectrum. (a) The target trans-
mission spectrum has a profile with a rectangle, a triangle and an arc.
(b) The effective index variation calculated using the Layer Peeling
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core width of the Si3N4/SiO2 waveguide varies but its core thick-
ness is kept constant as 50nm. (b) the core width of the Si3N4/SiO2
waveguide varies but its core thickness is kept constant as 100nm. (c)
the core width of the Si3N4/SiO2 waveguide varies but its core thick-
ness is kept constant as 200nm. (d) the core width of the Si3N4/SiO2
waveguide varies but its core thickness is kept constant as 300nm. . 41
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4.1 Fabrication procedures of the Si3N4/SiO2 waveguide coupler with
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1.1 Single-Notch Filter vs Multi-Notch Filter
The first part of this thesis is mainly about designing and fabricating optical
filters, so it is best to start from one of the simplest optical filters, which is a Fiber
Bragg Grating (FBG) [1] [2] [3] [4]. As shown in Fig. 1.1, a FBG is basically a special
optical fiber with periodic index variation in its fiber core region. This is generally
done with photo-sensitive fibers, excimer lasers and phase-masks. When light passes
through a FBG with periodic index variation, one particular wavelength band will
be blocked and reflected, while all the other wavelengths will not be affected and
will be transmitted. The central reflected wavelength λB, which is called Bragg
wavelength, can be calculated using the following phase-matching equation:
λB = 2neΛ (1.1)
Here, ne is the effective index of the FBG, and Λ is the period for the index
variation. Wavelength satisfying the above equation will satisfy constructive inter-
ference for reflection. Thus this wavelength will be reflected by the Bragg grating.
The degree of reflection and the 3-dB bandwidth of the reflection band, will depend
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Figure 1.1: A simple fiber Bragg grating (FBG) reflects one particular wavelength,
and lets all the other wavelengths pass through. The limitation is that there is
only one notch in its transmission spectrum. This figure was from Wikipedia:
https://en.wikipedia.org/wiki/Fiber Bragg grating
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on the number of periods and the amount of effective index variation.
Waveguide Bragg Grating (WBG) is the counterpart of FBG on a planar
platform [5] [6] [7]. Compared with FBGs which have the benefits of ultra-low prop-
agation loss and perfect polarization independence, the major advantage of WBGs is
their compactness and thus the capabilities of integration with other devices. In our
later experiments, all our complex waveguide and grating devices can be fabricated
on a small chip of only finger-nail size. Also, because fibers and integrated waveg-
uides both have its pros and cons (waveguides are lossy but compact, fibers have
low loss but take more space), the interaction between them becomes an important
and popular topic. This is also the subject of the second half of this thesis. We will
discuss the coupling mechanism between fibers and waveguides in great details.
There is a common limitation for both FBG and WBG: they can remove
just one single wavelength band in the transmission spectrum. For most practical
applications, the removal of that particular spectral band may be already good
enough. However, there are still some applications which require the removal of
more than just one single wavelength. For instance, as shown in Fig. 1.2, quite a
few wavelengths need to be removed simultaneously in the transmission spectrum [8].
In this case, the idea of simple FBG or WBG is not sufficient. Several main reasons
are explained below.
First of all, when some of the target wavelengths to be removed are distributed
very closely in the spectral domain, it will be hard to realize these close spectral
notches on a physical device. Assuming the task is that we want to remove both the
wavelengths of 1550nm and 1551nm with a 3 − dB width of only 0.2nm − 0.3nm.
4
Figure 1.2: An application which requires the removal of multiple randomly-
distributed wavelengths.
That means if we are going to use one grating to filter out 1550nm, and another
grating for 1551nm, assuming an average effective index of 1.500, the periods of









Leaving alone the fact that whether a period of 516.67nm can be written
accurately or not, just look at the length difference between two periods of the 1st
grating and the 2nd grating, which is only 0.33nm in this example. That is to say,
the period of the 2nd grating needs to be only 0.33nm larger than the period of the
1st grating. In real fabrication, it is impossible to fabricate two separate gratings
whose periods are just 0.33nm different.
The second reason why connecting many simple FBGs or WBGs in series is not
a good idea for multi-notch filtering applications lies in the total size and the overall
loss. Connecting all these gratings together will give a long device overall (especially
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for FBG), and it will result in very low throughput correspondingly (especially for
WBG).
Moreover, there are also potential problems of narrow-band filtering and side-
lobes. If the bandwidths of the spectral notches need to be very narrow, say only
0.3nm for the 3-dB width, then a long grating is required with a large number of
periods and very small effective index variations. Finally, if we want to generate
a very smooth transmission/reflection spectrum without any obvious spectral side-
lobes, then the techniques of apodization should be added to the design of gratings,
which adds up the complexity of the design and fabrication.
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1.2 The Fundamental Problem of Optical Filter Design
Now let’s go one step back from the notch filters, and let us think a little more
generally. Here, we want to think of some fundamental and general theory suitable
for all the various applications, not just notch filters. Although we discussed single-
notch and multi-notch filters, the filtering function itself doesn’t have to be limited
to one single spectral type. Thus one of the fundamental problems for designing
optical filters is whether it is possible to realize any arbitrary filtering function.
A traditional optical filter, either a FBG or a WBG, removes only one particular
spectral band in its transmission spectrum. But what if the target spectrum has an
irregular shape such as shown in Fig. 1.3? Or what if we want to realize a filter
that needs to remove hundreds of spectral bands simultaneously? Are there complex
filters available for such general purposes? And if so, then how should the black box
be constructed both theoretically and experimentally?
Figure 1.3: Assuming we want to design and build an optical filter that gives a
very special filtering function, which has a triangle, a rectangle and an arc in its
transmission spectrum, how should we design the optical filters? What should be
in the black box physically?
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1.3 An Important Application in Astrophysics
Fig. 1.4(a) gives an example where such arbitrary on-chip optical filters could
be of great use [9, 10]. When Earth-based telescopes collect light from celestial ob-
jects, the collected light contains not only useful spectral information from these
objects, but also foreground light emitted by the Earth’s own atmosphere. In the
near-infrared region, particularly between wavelengths of 1µm and 1.8µm, the night
sky spectrum is dominated by bright spectral lines due to hydroxyl (OH) emission
from the atmosphere. As shown in Fig. 1.4(b), there are hundreds of randomly-
distributed OH emission lines over this wavelength range, and each of these lines
is very narrow. The signal from these lines completely dominates over that of
most astronomical targets, particularly faint distant sources whose emission is red-
shifted into the near-infrared window due to cosmological expansion. As a result,
astrophysicists have long sought to reduce or eliminate altogether the effects of
the Earth’s atmosphere by having facilities operating at very high altitudes (e.g.,
Stratospheric Observatory for Infrared Astronomy) or in space (e.g., Hubble Space
Telescope). These facilities are, however, much more expensive than ground-based
telescopes of the same sizes.
A potentially cheaper solution is to use ground-based telescopes but eliminate
the OH emission lines using complex optical filters. At first thought, thin-film
optical filters, fabricated using the optical thin-film coating technology [11], may be
a good starting point. However, as will be shown later, to realize a complex filter
that removes multiple narrow spectral lines, the filter itself has to be constituted
8
Figure 1.4: (a) The bright OH emission lines in the night sky are the main obstacles
preventing ground-based telescopes from reaching the sensitivity levels of space-
borne telescopes at near-infrared wavelengths. (b) Night sky spectrum from Ref. 7,
dominated by hundreds of randomly-distributed OH emission lines, whose absolute
and relative intensities are highly time-variable. In the astrophysics experiment,
these narrow and highly time-variable OH-lines (of order 400 lines) of spectral width
of 0.3-0.4 nm have to be removed simultaneously with a large suppression ratio of
at least 15 dB. Reproduced with permission from P. Rousselot, C. Lidman, J.-G.
Cuby, G. Moreels, and G. Monnet, Astron. Astrophys. 354, 1134 (2000), c⃝ESO.
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of as many as 200,000 segments/layers, whose index variations have no regularity.
This makes it unpractical for thin-film filters.
In a previous paper, our colleague Prof. Joss Bland-Hawthorn showed that the
OH emission lines can be filtered out using an aperiodic Bragg grating implemented
on a fiber platform [12]. An aperiodic fiber Bragg grating (FBG) with a total length
of 5cm is capable of removing ∼ 100 narrow OH emission lines simultaneously. Such
aperiodic FBG devices have been tested on ground-based telescopes and delivered
promising results [8] [13] [14] [15].
Later on in this thesis, we will propose an alternative approach based on
Bragg gratings on planar waveguide platforms for applications requiring integration
and compactness. In the astrophysics experiment, a large number (of order 400) of
narrow OH lines with spectral width of 0.3-0.4 nm and spectral precision better than
± 0.1 nm have to be removed simultaneously with a large suppression ratio of at least
15 dB, as they all contribute to a broad and highly time-variable background light
level in the spectrometer. Such a background has to be removed in order to study
faint objects in the night sky. This paper presents the theoretical and experimental
approaches for realizing such a complex waveguide Bragg grating (CWBG). As we
discuss below, this type of CWBG may find applications not only in the field of
astrophysics, but also potentially in the areas of ultra-fast pulse generation [16] [17]
and slow-light [18].
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1.4 Searching for An Integrated Optical Filter for Any Spectrum
Therefore, the question lying in front of us is: how should we design a single
grating which can realize basically any spectral shape? Fortunately, if we just focus
on the theory and disregard the difficulty of implementation, there are indeed some
very good theoretical models and methods to solve this problem [19] [20]. In gen-
eral, all these methods are called inverse scattering (IS) algorithms, as they are just
the reverse process of finding the spectrum from the effective index profile, which
is categorized as forward scattering problems. According to the IS algorithm, one
single complex-shaped grating is already enough to remove multiple spectral lines
with various depths and bandwidths. The input here is the desired spectral shape,
and the output of the theory shows the grating profile or the effective index distri-
bution along the grating. To get some better knowledge of all these theories, a nice
comparison between various methods of grating synthesis is made by our collabo-
rators at University of Sydney, and it can be found in [21]. Now the next question
is, how can we go from the algorithm to making a real complex grating or complex
optical filter?
Such optical filters have already been realized successfully on the fiber platform
by our collaborators at University of Sydney, to get rid of many spectral lines [12].
However, the size of this aperiodic fiber Bragg gratings (AFBG) is not very compact
and the approach does not lead to ease of integration with other integrated photonic
devices. Compared with FBG, WBG is implemented on the waveguide platform,
and has much smaller footprint and is suitable for dense-integration applications in
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the future. The fabrication process of WBG is also CMOS-compatible, which makes
it really promising. In some recent papers published by the Ghent University, WBG
were also written by deep-UV lithography experimentally for random spectral tailor-
ing [22] [23], however their algorithm only assumes low index variation and neglects
second-order and higher-order reflections. Moreover, the fabricated WBG is based
on a 2-layer waveguide structure, which requires two lithography and two etching
steps, giving some difficulty of precise pattern overlap between multiple lithogra-
phy steps. More lithography steps also indicate bigger cost in the fabrication or
manufacturing, thus limiting the future potential of mass production and commer-
cialization.
Here, we proposed a physical 3D WBG structure as shown in Fig. 1.5. The
fabrication process is CMOS-compatible and is easy to implement. Our grating only
has one single layer and the only varying parameter here is the waveguide width. The
Si3N4/SiO2 waveguide material system has compact size, low propagation loss, high
coupling efficiency and an ultra-broadband transparency window. It is an elegant
structure with just scales like a small chip.
The rest of this part of the thesis will be organized as follows: in Chapter
2, a Layer Peeling/Adding algorithm, which is the core theoretical portion of this
thesis, will be developed and presented in great details. In Chapter 3, the effective
index variations are mapped to a real 3D integrated waveguide grating structure.
Then in Chapter 4, the nano-fabrication process, the measurement setup and the
experimental results will be demonstrated. Finally in Chapter 5 and Chapter 6, we
will conclude and discuss future work.
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Figure 1.5: 1-layer Structure of CWBG on Si3N4/SiO2 waveguide platform. The
width of the CWBG varies in an aperiodic way. This is the experimental waveguide
grating structure used in this thesis.
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Chapter 2: Layer Peeling & Adding Algorithm
This chapter mainly discusses the theoretical algorithm for designing the opti-
cal filter. In order to explain the algorithm clearly, some introduction and derivations
of the coupled mode theory and the transfer matrix method will be given at first.
Then the the Layer Peeling/Adding Algorithm will be discussed in great details.
Finally, in the end of this chapter, several real filter design examples will be demon-
strated to show not only the effectiveness of our algorithm and but also the effective
index variations for realizing specific spectra.
2.1 Coupled Mode Theory
Coupled mode theory (CMT) is one of the most successful theory for investi-
gating any type of grating structures. The grating is essentially an optical fiber or
waveguide structure with an effective index perturbation. In a medium which has a
constant refractive index everywhere, different optical modes are orthogonal to each
other in principle. But as long as an effective index perturbation occurs, different
modes will start talking to each other. For instance, some optical power of the
forward-propagating mode may be transferred to that of the backward-propagating
mode, the degree of which depends on the amount of the effective index variation.
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CMT is presented and described elegantly in a number of papers and books,
and some of those references can be found in [24] [25] [26] [27] [28]. It is noted
that the scientific notations are slightly different between these references. For
simplicity, the notation in this thesis follows [24] closely. In this notation, light
propagates along only +z (forward) and −z (backward) direction. The x and y are
both traverse directions. Also, the implicit time dependence is exp(−iωt), so the
forward propagating wave with the propagation constant β will have the form with
the term exp[i(βz − ωt)].
To start with, several reasonable assumptions are made here. First of all, in
the algorithm we assume the waveguide is lossless. In other words, the refractive
index is a real number. Secondly, we assume that single-mode condition is observed
in the entire spectral range, which means no higher order radiating mode occurs.
This indicates that only forward-propagating mode and backward-propagating mode
should be considered in the theory. It is also the real situation in FBGs and WBGs.
Thirdly, the index variation is assumed to be much smaller than the average effective
index n0. Let us first recall our memory of the four Maxwell’s Equations:
∇⃗ · D⃗ = ρ
∇⃗ · B⃗ = 0 (2.1)
∇⃗ × E⃗ = −∂B⃗
∂t
∇⃗ × H⃗ = J⃗ + ∂D⃗
∂t
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where E⃗ and H⃗ are electric and magnetic field vectors, and D⃗ and B⃗ are electric
and magnetic flux densities, respectively. J⃗ is the current density and ρ is the free
charge density.
Then we can go with the derivations. The scalar wave equation (deduced
directly from the above Maxwell’s equations assuming ρ = 0 and J = 0) tells us
that
{∇2 + k2n2(x, y, z)}E(x, y, z) = 0 (2.2)
This can be further written as
{∇2t + k2n2(x, y, z) + ∂2/∂z2}E(x, y, z) = 0 (2.3)
Here ∇2t = ∂2/∂x2+∂2/∂y2, and k = ω/c is the vacuum wavenumber. Here, n
is the overall effective index which includes both the average effective index and the
effective index variation. As a comparison, we will now define another parameter
n0 to represent the average effective index, which is a constant for the grating.
Since we are considering the coupling between the forward-propagating mode
and the backward-propagating mode, the electric field can be written as
E(x, y, z) = b1(z)Ψ(x, y) + b−1(z)Ψ(x, y) (2.4)
The whole electric field E(x, y, z) should satisfy (2.3), and Ψ(x, y) should sat-
isfy the wave equation with average index n0 below
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{∇2t + k2n20 − β2}Ψ(x, y) = 0 (2.5)
To reach (2.5), just remember that the electric field in a medium with constant
index has a propagation term which is either exp(+iβz) or exp(−iβz).
From (2.3) (2.4) (2.5) we can obtain
d2
dz2
(b1 + b−1)Ψ + [β
2 + k2(n2 − n20)](b1 + b−1)Ψ = 0 (2.6)
Multiplying (2.6) by Ψ and integrating over the whole xy-plane, we can get
d2
dz2
(b1 + b−1) + [β
2 + 2kn0D11(z)](b1 + b−1) = 0 (2.7)
where
D11(z) ≈ k(n− n0) (2.8)
because n2 − n20 ≈ 2n0(n− n0), with the third assumption we made before.
Now, (2.7) can be decomposed into a set of first order differential equations
db1
dz
= i(β +D11)b1 + iD11b−1 (2.9)
db−1
dz
= −i(β +D11)b−1 − iD11b1 (2.10)
If there is no index variation, n = n0, D11 = 0, then b1(z) ∝ exp(iβz) and
b−1(z) ∝ exp(−iβz). Then b1(z) will have no interaction with b−1(z) at all. On
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the other hand, if there is an index variation, then D11 ̸= 0, so the forward and
backward modes will start to interact with each other.
For our grating, we can represent the index variation as
n− n0 = ∆n(z)cos(
2π
Λ
z + θ(z)) (2.11)







where κ(z) is a complex and slowly varying function of z. To further simplify













= iδu+ q(z)v (2.15)
dv
dz
= −iδv + q∗(z)u (2.16)
where δ = β − π/Λ is the wavenumber detuning with respect to the central
wavelength λ0 = 2n0Λ, and q(z) is the complex coupling coefficient q(z) = iκ(z)
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In the latter text, we will show that from the Layer Peeling/Adding algorithm,
we can calculate all the values of q(z), but for a physical optical filter, knowing q(z)
is far from being satisfactory. To design a real optical filter, it is most important to
know the effective index n(z) along that filter. The relation between q(z) and n(z)
is given below:
| q(z) |= π∆n(z)
λ
(2.17)
arg(q(z)) = θ(z) + π/2 (2.18)
Now that we know the coupled-mode equations and the relation between q(z)
and n(z). The coupled mode equations derived above are a set of elegant and classic
equations. They form the basis for the theory that will be used later.
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2.2 Transfer Matrix Method
Transfer matrix method (TMM) is the typical method used in the forward-
scattering problems, as it calculates the transmission/reflection spectrum starting
from the effective indices. It is a simple and straightfoward approach shown in
many books [27] [28]. On the other hand, the Layer Peeling algorithm, which will
be deduced later, allows us to calculate the effective index from the final spectrum.
Transfer matrix method uses a discretized model, where it discretizes the whole
grating into a sufficient number N of small segments. Each segment is so short that
it can be treated as having just a constant effective index variation intensity. In
other words, the effective index of each ∆ segment will vary sinusoidally according
to (3.2) with ∆n(z) to be constant. ∆n(z) of different ∆ segment may not be the
same, and in our cases it can be very aperiodic. If the overall length of the grating
is L, then the length of each segment will be
∆ = L/N (2.19)





cosh(γ∆) + i δγ sinh(γ∆) qγ sinh(γ∆)
q∗
γ








Here, light propagates along the z direction, u(z) and v(z) are the forward-
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propagating and backward-propagating field amplitude at location z, u(z +∆) and
v(z+∆) are the forward-propagating and backward-propagating field amplitude at
location z+∆. q is the complex coupling coefficient in accordance with the previous
section, δ = β−π/Λ is the wavenumber detuning, and γ is defined as γ2 =| q |2 −δ2.
(2.20) calculates u(z+∆) and v(z+∆) from the information of u(z) and v(z), given
the effective index variation in this ∆ segment. Note here that the effective index
variation is not shown in (2.20) explicitly, and instead it is contained in q.
From the above equation for a single segment, the overall transfer matrix of
the grating is













Notice that in (2.22), v(L) = 0 since the light will only go forward at z = L.
The transfer matrix T is also wavelength dependent, and the wavelength information
is already contained in the γ and δ parameter. Finally, the reflection coefficient can
be obtained from T as
r(δ) = −T21/T22 (2.23)
As a brief conclusion of the transfer matrix method, I want to emphasize its
main purpose one more time: it calculates the transmission/reflection spectrum from
the effective indices of the gratings/filters for all the wavelengths. It also means the
direction of calculation is from the space domain to the frequency domain. It is
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considered as a forward-scattering method.
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2.3 Layer Peeling/Adding Algorithm
Layer Peeling/Adding algorithm actually contains two sub-algorithms which
use very similar approaches but totally opposite directions. The Layer Peeling (LP)
algorithm receives the target spectrum as the input and output the distribution of
the effective indices. The Layer Adding (LA) algorithm receives the effective index
distribution as the input, and gives the spectrum as the output. In this sense,
Layer Adding and Transfer Matrix Method have the same purpose, although Layer
Adding is much faster than the Transfer Matrix Method. The details of LP and LA
are discussed below. This thesis follows the notation from [19]. Some other good
references of LP and LA can also be found in [24] [29] [30].
First of all, starting from (2.20), the transfer matrix Tj of the jth segment is













This is done by simplifying the transfer matrix of each segment into a propa-
gation matrix T∆ and a reflection matrix T ρj . In the propagation matrix T
ρ
j , we only
consider the propagation of light, so only the optical phase changes by exp(iδ∆). In
the reflection matrix T ρj , light from the jth segment sees the effective index of the
(j+1)th segment, so some of the forward-propagating power might be reflected. T
∆
is obtained from T by letting q → 0, and T ρj is obtained from T by letting q → ∞
while holding q∆ to be a constant. ρ is the complex reflection coefficient, and it is
related to q in the following equations:




































Therefore, from (2.29) (2.30) (2.31) we obtain the following two key equations




r(z +∆, δ) + ρ(z)exp(−i2δ∆)
exp(−i2δ∆) + ρ∗(z)r(z +∆, δ)
(2.33)
These two equations above are the key equations in this thesis. (2.32) is the
Layer Peeling equation, and (2.33) is the Layer Adding equation. (2.32) allows us to
obtain the reflectivity and the effective index of the (j +1)th segment, if we already
have the reflectivity and the effective index of the jth segment. (2.33) does the
reverse. It calculates the reconstructed spectrum (for comparision with the original
target spectrum) from the calculated effective indices.
A key point to note here is the physical meaning of ∆, δ and r(z, δ). As
discussed before, ∆ is the physical length of each segment used in LP/LA algorithm.
δ is the wavelength detuning from the central resonance wavelength. So although the
wavelength λ does not appear in (2.32) and (2.33), it has been implicitly represented
by the term δ. r(z, δ) is the reflectivity r versus wavelength δ (now we know δ is just
another expression of λ) at position z. So r(0, δ) is the original reflectivity spectrum
seen from the beginning of the whole grating, r(∆, δ) is the reflectivity spectrum
seen from the beginning of the 1st grating segment, and r(2∆, δ) is the reflectivity
spectrum seen from the beginning of the 2nd grating segment, etc.
A simple analogy is shown below so the readers can understand the LP/LA
algorithm better. Suppose we have an onion in front of us with a special shape
(it may not be perfectly spherical, just like the fact that real applications may not
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Figure 2.1: In LP/LA algorithm, the overall grating is discretized into many small
segments, each with a length of ∆. The total length of the grating is L = N∆.
Effective indices for all these segments can be calculated precisely using (2.32) one
by one. The reconstructed spectrum can then be checked using (2.33).
have good-looking simple spectra). The onion is composed of many many layers,
and each layer of the onion carries some specific information (thickness, any spot
or irregularity for that layer, etc) about that layer, so if we peel this onion layer by
layer we could know how the onion is constructed in detail. There is only one rule:
to see the jth layer we first have to peel off the (j − 1)th layer. So first of all, the
outermost layer (the 1st segment) is peeled off, and its information (q, ρ and neff )
is written down (for later reconstruction), revealing the 2nd layer. Then the 2nd
layer is peeled off and recorded, and then the 3rd layer, the 4th layer, so on and so
forth. The peeling occurs in an iterative and sequential order. Finally, all the layers
of the onion are peeled off, and the complete information of the onion is recorded.
From these recorded information of layers we are able to reconstruct the same onion
perfectly later on. This is exactly how the Layer Peeling works.
In this analogy, the original shape of the onion (without any peeling) is the
target reflection spectrum which usually has a special shape, and the information of
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different layers is the effective indices of different discretized segments in the grating.
As shown in Fig. 2.1, LP/LA algorithm works exactly in the same way. From
the initial target reflectivity spectrum r(z = 0, δ), ρ(z = 0) is obtained, which
corresponds to the coupling coefficient of the 1st segment of the grating. Then
using Eqn. 2.32, r(z = ∆, δ) can be calculated, which is essentially the reflectivity
spectrum seen from the beginning of the 2nd segment of the grating. Then ρ(z = ∆)
is obtained from the value of r(z = ∆, δ). As a next step, r(z = 2∆, δ) and ρ(z = 2∆)
are calculated. This procedure can be iterated until information of all those grating
segments are found.
LA is just the reverse of LP, and it is used to evaluate the performance of a
grating, assuming the effective index profile is obtained already. It is like obtaining
the overall shape of a complete onion by assembling all the layers together. At first,
we start from the innermost layer (which corresponds to the last segment of the
grating). Then the 2nd layer is added on top of the innermost layer. Then the
3rd innermost layer is added. This iterative process comes in a reverse sequence
compared to LP. Finally, when all the layers are assembled together, the outer
surface of the onion will be presented to us in a specific shape (which corresponds
to the reconstructed reflection spectrum). Hopefully, this is the desired shape that
we need to design.
We have covered a lot of details in this section of the thesis, but these are the
core part of the whole algorithm. The importance of LP/LA is that by using the
LP/LA algorithm, any types of onions (optical filters) can be designed, analyzed
and reconstructed.
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Before we finish with this segment, let me state one more property of the
LP/LA algorithm. It is worth noting that (2.32) only gives the distribution of
effective index of the grating, but it does not indicate the exact material system
and platform upon which the grating will be implemented. Therefore, the LP/LA
algorithm introduced here can be applied to all the optical filter structures and
platforms. In practise, this algorithm can be applied for both FBG and WBG
platforms.
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2.4 Discrete Fourier Transform & Target Spectrum Preparation
In the previous section, we derived equations for Layer Peeling and Layer
Adding algorithms. And it should be clear now that q(z), ρ(z) and neff (z)− n0(z)
actually all indicate the same thing: the effective index variation. The current
question is: what is the relation between the effective index neff (z) of a certain
segment and the term r(z, δ), the reflectivity spectrum seen from the beginning of
that segment?
In order to answer this question, let’s write the equation of the inverse Discrete








), j = 0, 1, 2, ... (2.34)
(2.34) is the inverse DFT equation which gives the impulse response h(j),
starting from the discretized reflectivity spectrum. M is the number of spectral
points in the algorithm. Let us recall that r(z, δ) is the reflectivity spectrum seen
from the beginning of the location z versus wavelength δ. And it is important to
notice that the effective index of the segment in the location z corresponds only
to the first element of the impulse response h(0). The reason is that if we send
an impulse to the grating, h(0) will be affected by the 1st segment of the grating
only, since light at that time does not have enough time to travel to the other (2nd)
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Also, in order for the DFT to work correctly, there is a relation between ∆ in
the time domain and the overall spectral detuning range δω in the frequency domain,
which is shown below in (2.36). A whole step-by-step process of the algorithm and





There is one last problem before we can run the algorithm correctly: the target
spectrum needs some special treatment [19] [20]. If we take the inverse DFT to
the original target spectrum (the default reflectivity spectrum is only a list of real
numbers, without any imaginary part), the impulse response will probably have
components for t < 0. Such an impulse response does not exist in real filters and
gratings. For real gratings, the impulse function h(t) always starts from t = 0.
Otherwise if h(t < 0) ̸= 0, it simply indicates that even before the impulse sees the
grating, it already has some type of response from that grating!! That is not possible
physically. In a physical world, we can never know what’s inside a mysterious
treasure box unless we first check its contents. No matter what detection methods
we use (hands, eyes, or even X-rays), we have to first check it somehow. For a
physical optical filter, the impulse response at time t < 0 should always be zero.
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Because of this consideration, the reflectivity spectrum used for the algorithm
needs to be treated in the following way. We will use a apodizing window (such
as a Hanning function) to force the impulse function to become zero beyond a
certain limit. Then the whole impulse response is shifted so that the first non-zero
element starts at t = 0. This new impulse response is then converted back to the
new reflectivity spectrum using DFT. Finally, the new reflectivity spectrum can be
used as a valid input to the Layer Peeling/Adding algorithm, so we can start our
calculation and design.
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2.5 Step-by-Step Guide of Layer Peeling/Adding Algorithm
Let’s summarize all the steps of the Layer Peeling/Adding algorithm below:
1) We start from a target reflection/transmission spectrum which can have
any spectral shape. The spectrum is converted to a reflectivity spectrum so it could
be used for the LP/LA algorithm.
2) An inverse discrete Fourier transform is performed on the reflectivity spec-
trum to get the impulse function. A Hanning function is then multiplied to the
impulse function to force it to become zero beyond a certain range. The truncated
impulse function is then shifted so that it starts at t = 0. This becomes the realizable
impulse function of the grating structure.
3) A forward discrete Fourier transform converts the realizable impulse func-
tion to the reflectivity spectrum r(z = 0, δ).
4) ρ(z = 0) is calculated from (2.35).
5) r(z = ∆, δ) is obtained from r(z = 0, δ) and ρ(z = 0) using (2.32).
6) Steps 4 and 5 are repeated to iteratively calculate the ρ(z) throughout the
whole grating.
7) The effective index of the grating is derived from ρz using (2.17) (2.18)
(2.28).
8) As long as the effective index and ρ(z) are available, the reconstructed
spectrum can be obtained with either the Transfer Matrix Method or the Layer
Adding Method in (2.33).
The time complexity of this algorithm is O(MN), where M is the number of
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spectral sampling points in the spectrum, N is the number of discretized segments
in the grating. Up to now, we can say that although the inverse-scattering problem
seems quite difficult in the beginning, but with the LP/LA algorithm is just as
simple as the forward-scattering program.
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2.6 Design Examples of Layer Peeling/Adding Algorithm
Generally speaking, LP/LA algorithm can be applied to the synthesis of any
random spectrum. As a comparison, traditional design methods can only regenerate
spectrum of very limited shapes. To prove the capability of the LP/LA algorithm,
two design examples are demonstrated below, showing the reliability and accuracy
of the proposed LP/LA algorithm. For each design, we always start with a target
transmission/reflection spectrum, then LP algorithm would tell us the effective index
variation. Then the LA algorithm or the Transfer Matrix Method will show us the
reconstructed spectrum. If the parameters of the grating are chosen appropriately,
then the reconstructed spectrum should look very similar to the original target
spectrum.
The calculated effective index usually looks ”weird” and very aperiodic, and
seen from naked eyes there seems to be no regularity at all. The beauty of our
approach is that, with such seemingly ”weird” effective index variations, different
wavelengths will respond exactly as what we want them to respond.
2.6.1 Design Example 1: An Arbitrary Spectrum
In the first example, a single grating is designed whose filtering function has a
special shape, with a rectangle, a triangle and an arc in its transmission spectrum.
Fig. 2.2 (a) shows the original target spectrum, Fig. 2.2 (b) is the calculated
effective index variation, and Fig. 2.2 (c) shows the spectrum calculated from the
reconstructed grating. To obtain the grating profile, the LP algorithm is first applied
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to the target spectrum, then the LA algorithm is employed to calculate the spectrum
from the synthesized grating. The synthesized grating is able to regenerate the target
spectrum in this case.
Figure 2.2: Synthesis of a grating with a special spectrum. (a) The target transmis-
sion spectrum has a profile with a rectangle, a triangle and an arc. (b) The effective
index variation calculated using the Layer Peeling algorithm. (c) The reconstructed
spectrum obtained from the calculated effective index. Note the similarity between
(a) and (c).
2.6.2 Design Example 2: A Multi-Notch Filter with 150 Lines
The second design is even more persuasive. In this example, a very complex
grating is to be synthesized, which has 150 randomly-distributed narrow notches
in the transmission spectrum. To make it more random and arbitrary, each of the
notches will have its own suppression ratio. Fig. 2.3 shows the original spectrum, the
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calculated effective index, and the reconstructed spectrum. Again, the reconstructed
grating regenerates the original target spectrum successfully. LP/LA algorithm still
works perfectly in this case.
Figure 2.3: Synthesis of a grating whose transmission spectrum (in dB) has 150
randomly-distributed notches between 1500 nm and 1600 nm, while each notch
has its own specific suppression ratio. (a) The target transmission spectrum with
150 notches. (b) The effective index variation calculated using the Layer Peeling
algorithm. (c) The reconstructed spectrum obtained from the calculated effective
index.
From these two examples, the power and potential of our LP/LA algorithm
is fully demonstrated. In the theory which is assumed to be lossless, the target
spectrum can be either a reflection spectrum or a transmission spectrum, since they
just add up to unity. In reality however, if a WBG is fabricated, some of the incoming
light may experience the scattering loss or the radiation loss, which can be caused
by the stepped waveguide widths due to the discretization process. Therefore, in
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the next chapter the detailed shape of the grating (e.g. the profile of the widths of
the WBG) has to be determined. The information of the effective index variation
obtained from the LP/LA is just a start for designing the real grating device, a
3-dimensional structure that can be fabricated and tested experimentally.
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Chapter 3: Design & Simulation
3.1 From the LP/LA to Designing a Real CWBG
From the last chapter, it has been proved that by using the LP/LA algorithm,
a grating profile can be calculated for any random spectrum. The output of the
LP/LA algorithm gives the coupling coefficient q(z) (also sometimes called the grat-
ing profile) of the grating directly, but that does not indicate anything about the
detailed structure of the grating. To realize a physical grating, we need to obtain
the profile of the effective index of refraction along the z direction. In this chapter,
a design procedure is described so a real CWBG can be synthesized.
The core part of designing a CWBG is to find an appropriate waveguide struc-
ture so that the grating profile q(z) can be realized by fabrication. The amplitude
of q(z) reflects the change of the effective index at location z, which also denotes
the strength of reflection at that point. q(z) and the change of the effective index
are related by the following equation:




while the effective index of the waveguide at position z can be written as
n− n0 = ∆n(z)cos(
2π
Λ
z + θ(z)) (3.2)
Here, n0 is the average effective index, and the real effective index is varying
in a sinusoidal way, controlled by the amplitude ∆n(z), the period Λ and the phase
θ(z). For a practical CWBG, q(z) will vary aperiodically along the z direction of
the grating. To analyze the real change of the effective index, let us assume that
the maximum amplitude of q(z) is about 40 cm−1 [8]. As a consequence, ∆n(z) will
also vary according to q(z). At the wavelength of 1550 nm, the maximum value of
∆n(z) is about
∆n(z)max =
| q(z)max | λ
π
∼ 0.002 (3.3)
Therefore, the difference between the maximum effective index and the min-
imum effective index needs to be about 0.002×2 = 0.004, which is the range over
which n(z) can vary. Considering the limitation of practical e-beam lithography, it
is reasonable at first to assume that 20 discrete waveguide widths are written in
order to realize a CWBG, whose effective indices cover this region of about 0.004.
Therefore, at first thought we can roughly divide 0.004 by 20, which means that the
real effective indices need to vary as navg - 0.002, navg - 0.0018, navg - 0.0016, . . .
, navg, . . . , navg + 0.002. The number 20 is just an assumption in the beginning,
and if a more precise CWBG is required in the future, 100 or even more discrete
39
waveguide widths may be necessary. For a FBG which is photosensitive, the effec-
tive index variation can be realized by adjusting the intensity of the interferometer,
or the period/phase of the phase mask. On the other hand, for a WBG with a
planar structure, the effective index variation is made possible by changing some
parameters of the waveguide, for example, by varying the width of the waveguide
core in different positions of the grating. Obviously, if the width of the waveguide
can only change by a very small range, for instance if the width can only vary from
1.000 µm to 1.001 µm, then such a narrow waveguide width step will be impossible
even using the state-of-the-art e-beam lithography (EBL). On the other hand, if the
width is made to change too much, say from 0.5 µm to 1.5 µm, then the scattering
loss caused from the many periods of the CWBG will be too large and will affect
the overall transmission severely. A delicate balance needs to be established here.
In [7], a comparison between a ridge waveguide (2-layer structure) and a strip
waveguide (1-layer structure) was made on the SOI platform. A ridge waveguide
cross-section was determined to be preferable, since the change of the waveguide
width was large enough to be written by lithography. Ref. [22] [23] is also utilizing
this kind of ridge waveguide for implementing a weak WBG. In this thesis, we
propose that a 1-layer strip waveguide of Si3N4/SiO2 is actually more appropriate,
which also has the additional advantage of only one lithography step and one etching
step.
To explain in more details, some simulation is done and the results are shown
in Fig. 3.1. The figure shows the theoretically expected change of the effective




Figure 3.1: Theoretically expected effective index of the Si3N4/SiO2 waveguide as
the width and the thickness of the waveguide core vary. (a) the core width of the
Si3N4/SiO2 waveguide varies but its core thickness is kept constant as 50nm. (b)
the core width of the Si3N4/SiO2 waveguide varies but its core thickness is kept
constant as 100nm. (c) the core width of the Si3N4/SiO2 waveguide varies but its
core thickness is kept constant as 200nm. (d) the core width of the Si3N4/SiO2
waveguide varies but its core thickness is kept constant as 300nm.
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waveguide is 50 nm, 100 nm, 200 nm and 300 nm respectively. Suppose now that
a Si3N4 waveguide thickness of 200 nm or 300 nm is used to fabricated the WBG.
In order to get an effective index change of 0.004, the width can only vary by ∼ 50
nm and ∼ 20 nm, respectively. If we simply divide this number by 20, this gives a
width step of 2.5 nm and 1 nm, respectively. This means that in order to fabricate
this CWBG, a series of waveguide widths such as 1 µm, 1.001µm, 1.002 µm, . . .,
etc, need to be patterned clearly. It is impossible to write such small steps of the
waveguide widths, even with the state-of-the-art EBL system. On the other hand, if
the thickness of the Si3N4 waveguide is only 50 nm, then even when the waveguide
width varies from 0.4 µm to 2 µm, the change of the effective index is only about
0.002. As a consequence, large scattering losses will occur if the thickness of the
WBG is only 50 nm.
Fortunately, if the thickness of the Si3N4 waveguide is 100 nm, then, when the
waveguide width changes from 0.4 µm to 0.9 µm, the effective index is changed by
about 0.004. In this case, it is possible to write various waveguide widths varying
between 0.4 µm and 0.9 µm using EBL with enough resolution, and the scattering
loss may also be tolerable in practise. Moreover, later on in this thesis, we will
prove that such Si3N4/SiO2 grating is inherently compatible with the high coupling
efficiency of a Si3N4/SiO2 waveguide coupler, since 100 nm thick, 500 nm wide Si3N4
waveguide will give a coupling efficiency of 84 % to SMF28 fiber, 100 nm thick, 700
nm wide Si3N4 waveguide will give a coupling efficiency of 92 % to SM1500G80 fiber,
and 100 nm thick, 900 nm wide Si3N4 waveguide will give a coupling efficiency of 96
% to UHNA3 fiber. The required waveguide widths would then need to be within
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the range of 0.4 - 0.9 µm in order to realize the required range of effective index
variation. Therefore, the high-efficiency, easy-to-fabricate Si3N4 waveguide couplers
presented in the first part would be completely compatible with the fabrication of
the CWBG here.
3.2 Assembling & Simulation of CWBG
The procedure to design the real CWBG is now pretty straightforward: from
the LP/LA algorithm, the grating profile q(z) or ρ(z) is obtained initially, which
can be related to the effective index variation n(z) along the grating. This range
of the effective index variation is then mapped to a 1-layer waveguide structure
with varying widths. It means one specific waveguide width will correspond to one
specific effective index. In reality, the mapping is realized by a Matlab script with
a loop.
This mapping process is realized by using FIMMWAVE / FIMMPROP from
Photon Design. A simple 1-layer waveguide is drawn in the software, and the effec-
tive index is plotted versus the width of the waveguide. So the mapping process can
be executed, which converts the output of LP/LA algorithm to an aperiodic array
of width for a complex waveguide.
For a real CWBG which is about 2cm−3cm in length, it is generally discretized
into 200′000− 300′000 small individual segments. Each segment is a tiny rectangle,
with a length of 100 nm and a fixed width obtained from the mapping process before.
The segment number 200′000− 300′000 is not a fixed constant in the algorithm. In
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Figure 3.2: Optical simulation using FIMMWAVE / FIMMPROP: calculating the
mode profile parameters and mapping the effective index to a real waveguide shape.
fact, the most appropriate segment number depends on the application. In the
following text, we assume that we are dealing with 200’000 segments in our design.
The number of waveguide segments equals to the numbers in the grating’s effective
index array. In other words, if there is 200’000 points in the effective index profile,
there will also be 200’000 small segments which constitute the whole CWBG.
So far, it is possible to obtain the widths of the grating, and now a complete
GDSII file is required for the subsequent EBL. Since these 200’000 segments are not
periodic at all, another Matlab script is written to remotely control the assembling
of CWBG in FIMMWAVE / FIMMPROP. The advantage is that, after the grat-
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ing assembling, the 3D aperiodic grating structure can be simulated using Finite
Difference Method (FDM) and Eigen Mode Expansion (EME) in FimmPROP. The
process of effective index mapping, grating assembling and 3D simulation is shown
in Fig. 3.2 and Fig. 3.3.
Figure 3.3: Assembling & 3D simulation of CWBG in FIMMWAVE / FIMMPROP
with the help of Matlab scripts. As shown in the first sub-figure, the width/profile
of the CWBG is highly aperiodic for a random spectrum. The 3D simulation also
shows spectral notches at their prescribed positions in the spectrum.
To be honest, we are the first group in the world who attempts to con-
struct a complex waveguide grating with 200’000 aperiodic segments. Although
FIMMWAVE / FimmPROP is a good and reliable software, it is still really time-
consuming to assemble all the 200’000 individual segments in FIMMWAVE / FIMM-
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PROP. As far as we are concerned, no other group has ever simulated such a complex
waveguide grating with so many aperiodic segments. In the 3D simulation, we need
to calculate each one of the 200’000 segments (because of aperiodicity) for all the
wavelength points. Therefore the 3D simulation takes a even longer time (from a few
days to a few weeks 24/7 unceasingly) to execute, as FIMMWAVE / FIMMPROP
has to calculate the overlap integral for all the interfaces of the 200’000 segments
one by one. And each run is only for a single wavelength. In the spectrum, there
may be 10′000 or even more spectral points, so the overall time is just 10′000 times
that. A future powerful upgrade of FIMMWAVE / FIMMPROP to support such
intensive calculations will give much faster simulation results.
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Chapter 4: Fabrication & Experimental Results
4.1 Nano-Fabrication Process
The fabrication starts with a silicon wafer with a 5 µm thermal SiO2 layer
on top. A 100 nm thick Si3N4 layer is first deposited using low-pressure chemical
vapor deposition (LPCVD). Then the profile of the CWBG is patterned by e-beam
lithography (using a Raith e-line instrument), and a chromium hard mask is made
by e-beam deposition and subsequent lift-off. After that, reactive-ion etching (RIE)
is performed, followed by chromium removal and another 5 µm SiO2 film deposition
from plasma-enhanced chemical vapor deposition (PECVD), as the upper cladding
layer. Finally, the thickness of the sample is polished to about 100 µm from the back-
side, which facilitates ease of subsequent end-facet cleaving. Because the CWBG
has a simple one-layer structure, the fabrication process requires only one lithogra-
phy step and one etching step. We control the stitching error by doing very precise
writefield (WF) alignment, and also by overlapping neighboring WFs slightly with
each other. The whole device is stitched and connected without any stitching gaps
between two WFs. It typically takes about 1-1.5 hours to write a CWBG.
For those readers who are interested, the whole nano-fabrication process is
listed step by step in the Appendix.
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Figure 4.1: Fabrication procedures of the Si3N4/SiO2 waveguide coupler with waveg-
uide core thickness of 100 nm. The end-facet cleaving process does not need high
position accuracy, because we add a narrow straight waveguide on both ends of the
device. We optimized the end-waveguide geometry to achieve high coupling effi-
ciency, and the cleaving should be fine as long as it occurs somewhere along the
straight waveguide.
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4.2 Some Tricks and Discussions about E-beam Lithography (EBL)
As we are doing nano-fabrications, it is important to show some Scanning
Electron Microscope (SEM) figures of our real waveguide patterns. For our CWBGs
which have continuously-varying waveguide widths and small theoretical feature size
of less than 10 nm, a stable EBL with high resolution will be really beneficial.
4.2.1 Settings for Focus, Stigma and Aperture
One of the major issues with our current Raith EBL system is not even the
machine itself, but the person who actually operates the machine. The reason is
that all the adjustments about focus, stigma and aperture are judged and optimized
manually by that person. These adjustments (especially stigma adjustments) can
be a little tricky for people without too much SEM experience. It does take quite a
lot of practise and real sample processings to learn and get familiarized.
Fig. 4.2 demonstrates a good contamination-spot with decent focus, aperture
and stigma. The contamination spot, burned here using left-click quick-burn in the
Raith system, should have a diameter of about only 20 − 30nm. This spot should
be sharp and clear under the magnification of at least 100K. This is an important
step before real patterning begins.
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Figure 4.2: The settings/adjustments about focus, stigma and aperture are impor-
tant for a successful EBL pattern. On our Raith e-line EBL system, the best way
of judging these settings is to burn small contamination-spots. Under at least 100K
magnification, a good contamination-spot (with a radius of about 20 - 30 nm) should
look round, clear and sharp all over its outer circumference.
4.2.2 Active Focus-Adjustment for Large Patterns: Laser Height
Sensing (LHS)
Another small but really useful trick I always use is the Laser Height Sens-
ing (LHS). It is a active focus-adjustment technique for large patterns with big
dimensions and many writefields, especially our centimeter-sized waveguides and
waveguide gratings. Fig. 4.3 demonstrates very clearly why LHS is beneficial for
large patterns.
The basic principle of LHS is quite simple: a laser is projected onto the sample
surface and is reflected and detected by the detector, which measures the height of
the current writefield. The system then adjusts either the height of the sample or
the working distance of the beam to guarantee perfect focus condition. Once it is
switched on, LHS will be performed for focus-adjustment before the patterning of
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every writefield. Fig. 4.4 shows the principle and operation of LHS clearly.
Although LHS is optional in our Raith EBL system, I still highly recommend
using this function if the pattern has dimensions larger than a few millimeters. It
is worth noting that on some of the newer EBL systems, such as the new 100kV
EBL system used in Joint Quantum Institute (JQI), University of Maryland, LHS




Figure 4.3: The reason why active focus-adjustment is really beneficial for large
patterns. (a) For small pattern within only one writefield, the beam is always well
focused. (b) For large patterns, the beam will only be perfectly focused in one




Figure 4.4: Principles and settings/operations of LHS. (a) Principle of LHS. (b)




Stitching error is also a very common problem in e-beam lithography, and it
can be due to a lot of reasons. The beam will jump between neighboring writefields,
and this can cause the two writefields to be stitched with an offset, as shown in Fig.
4.5.
On our Raith machine, there is a Fixed Beam Moving Stage (FBMS) configu-
ration which can eliminate the stitching error. The reason behind it is actually quite
simple: FBMS commands the beam to go from the beginning to the end without any
jumps. A beam jump from one writefield to the next writefield causes the stitching
error. When using the FBMS feature, the whole big pattern is no longer separated
into small writefields. Instead, the beam will move continuously from one end of
the waveguide to the other end with no jump.
FBMS does not come for free, and it does have two big trade-offs. The first
trade-off is the limitations of the patterns FBMS can handle. It handles only simple
patterns, such as straight waveguides and circles. FBMS cannot write a CWBG
with 200, 000 individual segments, each with its own width. Secondly, FBMS does
not allow the Laser Height Sensing, which is the feature of active focus-adjustment.
The consequence is that using FBMS, the pattern will be perfectly focused only in
one location, and will be more or less defocused in other positions.
Personally, I will not recommend using FBMS (unless stitching error is a
very severe problem), because it cannot write complex waveguide gratings with
constantly-varying widths, and it does not support LHS for active focus-adjustment.
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To overcome the stitching error, a layer of conducting polymer (such as aqua-save)
on top of the sample surface and a careful EBL process will help a lot already.
Finally, two SEM figures of a real 47-notch grating are shown below in Fig.
4.6. A EBL patterning like this will be proper for subsequent experimental charac-
terizations.
Figure 4.5: A demonstration of stitching errors between two neighboring writefields




Figure 4.6: SEM figures of a real 47-notch grating. (a) The joint section between
two ∆ segments (see Chapter 2 for definition of ∆) which have different complex
coupling efficiencies q(z). (b) A section within one ∆ segment.
56
4.3 Experimental Set-up
To characterize the transmission spectrum of the CWBG, a TE polarized
broadband light source covering 1500 nm − 1600 nm is used. The light travels in a
polarization-maintaining (PM) fiber, PM1550-XP, and is launched into the CWBG
with an automatic XYZ stage. The output light is collected from the other end of
the CWBG with another XYZ stage, and is finally analyzed by an Optical Spectral
Analyzer (OSA, YOKOGAWA AQ6370C). The resolution of our OSA is 0.004 nm.
In this case, the effective index is taken from the fundamental TE waveguide mode
in the design, so both the fiber-rotator and the PM fibers are employed to guarantee
the TE polarization of the input light.
Figure 4.7: Experimental set-up for the waveguide performance measurement, show-
ing two XYZ stages which hold input and output fibers, two microscope cameras
for fiber/waveguide alignment and a waveguide sample mounted in the middle.
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4.4 Flow-Diagram of the Whole Theoretical and Experimental Pro-
cedures
Before we move on to some of our experimental results, let’s first summarize
all the steps from theory to experiment. Fig. 4.4 shows a complete flow diagram of
the calculation, design, fabrication and characterization processes.
58
Figure. 4.4 (a) The design of a specific CWBG device starts with a target
transmission spectrum with an arbitrary shape. (b) The effective index profile is
calculated/examined using LP/LA algorithm. (c) The effective index is mapped to
the actual width profile of the CWBG. (d) One-layer CWBG device implemented
on a silica-on-silicon platform. In this case, the width is continuously varying in
the y-direction, while the thickness remains the same. Light propagates along the
z-direction. (e) SEM picture showing a portion of the actual CWBG with contin-




4.5.1 First Generation: 20-Notch CWBG
Fig. 4.8 shows both the simulation and the experimental transmission spec-
trum for our current CWBG device, which removes 20 randomly distributed narrow
spectral lines between 1530 nm and 1560 nm simultaneously. The 3 dB bandwidths
for all these spectral notches are 0.3 − 0.4 nm, in agreement with the simulation
results. The sloping transmission vs wavelength in Fig. 4.8 is due to the losses
from O-H and N-H bonds near 1.5 µm associated with the PECVD process; these
losses will be reduced in the future via thermal annealing. The remaining losses
are due to fiber-to-waveguide coupling at the two facets of the CWBG device and
propagation/scattering loss through the waveguide.
Table 4.1 summarizes and compares the positions of the experimental trans-
mission notches of the CWBG with its theoretical values. And Table 4.2 lists the
major parameters and experimental performance of the CWBG device. All the spec-
tral lines are suppressed by at least 15 dB, while some of the deepest notches reach
as much as 33.6 dB. The variance in the suppression ratios is due to the limited res-
olution of the current fabrication process. To explain it briefly, just recall that our
designed CWBG has a width that varies between 800 nm and 1.6 µm, corresponding
to the range of effective index variation (±0.0064). In order to further map each dis-
cretized width to the varying effective index precisely, a small width step is desirable.
In our case, the actual waveguide widths are designed to be 800 nm, 808 nm, 816 nm,
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Figure 4.8: Experimental Transmission Spectrum of a fabricated CWBG device,
showing the removal of 20 prescribed narrow spectral lines simultaneously. Simula-
tion results are also plotted as a comparison. As a proof-of-principle demonstration,
these 20 lines are designed to be randomly distributed. See Table 4.1 for detailed
comparisons between target wavelengths and experimental wavelengths. The slope
in the transmission is due to the O-H and N-H bond absorption that can be cor-
rected via annealing in the future. The major parameters of this CWBG device are
listed in Table 4.2.
Figure 4.9: The effective index variation along the grating whose spectrum is shown
in Fig. 4.8. The effective index is calculated from the Layer Peeling algorithm, and
is varying in an aperiodic way.
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..., 1592 nm, 1600 nm, with a step of 8 nm. In other words, the continuously-varying
effective index of ±0.0064 is sampled into (1600− 800)/8 + 1 = 101 discretized val-
ues. We have also found out that smaller steps (e.g. 4 nm or 2 nm) do not improve
the CWBG performance in our simulations. This 8 nm width step can be consid-
ered ideal for our CWBG design, but in practice, such a small step cannot easily be
patterned using a state-of-the-art e-beam lithography, because this length resolution
stretches the capability of the instrument. This is why the suppression ratios in our
experiment is not exactly the same for all the 20 notches.
It is worth noting that other authors have approached this same problem from
the point of view of volume holography, using a 2-layer SOI waveguide structure
fabricated by deep-UV lithography [22,23]. Large differences between the theory and
the experimental realization are observed. The theory assumes small index variation
so the second-order reflections are neglected, which is good enough for weak gratings,
but not suitable for gratings with both deep and narrow notches. By comparison, our
LP/LA algorithm makes no such assumptions, and can be applied to any arbitrary
spectrum. Moreover, we experimentally demonstrate that one can design a CWBG
with a simpler one-layer waveguide structure, fewer fabrication steps, deeper and
narrower notches, and better spectral precision. This makes CWBG promising for
various applications, especially in astrophysical observations.
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Table 4.1: Comparison between the theoretical simulations and experimental re-
sults for our first generation CWBG. Our goals were to reach spectral precision
(λtarget − λexperiment) better than ± 0.1 nm, 3dB bandwidths (FWHM) of about 0.3
nm, and suppression ratios larger than 15 dB. All these technical requirements were
achieved experimentally.
Channel Number λtarget (nm) λexperiment (nm) λtarget − λexperiment Notch Depth (dB)
1 1532.000 1531.940 0.060 22.2
2 1533.000 1533.000 0.000 16.4
3 1535.000 1534.932 0.068 26.4
4 1536.000 1535.988 0.012 24.9
5 1537.000 1536.972 0.028 15.1
6 1538.000 1537.912 0.088 19.3
7 1540.000 1539.920 0.080 18.9
8 1541.000 1540.936 0.064 16.9
9 1542.000 1542.024 -0.024 17.5
10 1544.000 1543.960 0.040 18.7
11 1545.000 1544.940 0.060 18.5
12 1546.000 1546.004 -0.004 17.5
13 1547.000 1546.932 0.068 33.6
14 1548.000 1547.944 0.056 24.0
15 1549.000 1548.964 0.036 16.0
16 1550.000 1549.936 0.064 19.4
17 1554.000 1553.972 0.028 20.0
18 1556.000 1555.932 0.068 19.5
19 1557.000 1556.968 0.032 18.8
20 1558.000 1557.924 0.076 16.7
Table 4.2: Major parameters of the fabricated first generation CWBG device.
Parameter Value
Overall CWBG Length(L) 2cm
Length of Each Segment in LP/LA Before Discretization (∆) 10µm
Number of Segments in LP/LA 2000
Length of Each Discretized Segment (∆L) 100nm
Number of Discretized Segments 200, 000
Maximum Effective Index Variation ±0.0064
Si3N4 Core Width Range 800nm− 1.6µm
Si3N4 Core Thickness 100nm
SiO2 Cladding Thickness 5µm top and 5µm under
Number of Spectral Notches 20
Suppression Ratios 15dB − 33dB
3dB Bandwidth 0.3− 0.4nm
Spectral Precision ±0.1nm
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4.5.2 Second Generation: 47-Notch CWBG
Based on the first generation of CWBG, we designed and fabricated the second
generation of CWBG, which has 47 notches between 1510 nm and 1610 nm. Fig. 4.10
shows the experimental transmission spectrum of these notches, and Table 4.3 and
Table 4.4 give a detailed comparison between theoretical and experimental spectral
positions. Fig. 4.11 gives the effective index variation of this grating. And the major
parameters of this CWBG device are listed in Table 4.5. Again, even though the
effective index seems chaotic, its transmission spectrum regenerates these notches
very precisely. High spectral precision is achieved again.
It is noted that there is a big absorption dip at the wavelength of 1500 nm.
It is caused by the O-H and Si-H bonds introduced in the nano-fabrication process.
In the next chapter, we will provide solutions to remove this big absorption dip.
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Figure 4.10: Experimental Transmission Spectrum of a fabricated CWBG device,
showing the removal of 47 prescribed narrow spectral lines simultaneously. See Table
4.3 and Table 4.4 for detailed comparisons between the target wavelengths and the
experimental wavelengths. There is a big absorption dip at around 1500 nm, which
will be discussed and solved in the next chapter. The major parameters of this
CWBG device are listed in Table 4.5.
Figure 4.11: The effective index variation along the grating whose spectrum is shown
in Fig. 4.10. The effective index is calculated from the Layer Peeling algorithm,
and is varying in an aperiodic way.
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Table 4.3: Comparison between the theoretical and experimental spectral positions
for our second generation CWBG. Please note the high spectral precision (λtarget −
λexperiment) achieved with this grating.
Channel Number λtarget (nm) λexperiment (nm) λtarget − λexperiment (nm)
1 1522.583 1522.636 -0.05299996
2 1524.335073 1524.34 -0.004927216
3 1524.508938 1524.516 -0.007062489
4 1526.973989 1526.98 -0.006011064
5 1527.229549 1527.216 0.013549136
6 1528.03365 1528.056 -0.022350308
7 1528.506779 1528.5 0.006778841
8 1529.77144 1529.764 0.007440011
9 1530.344737 1530.352 -0.00726343
10 1532.163461 1532.156 0.007460633
11 1532.767226 1532.808 -0.040773633
12 1539.755617 1539.728 0.027617164
13 1544.878152 1544.86 0.018151894
14 1549.336459 1549.316 0.020458622
15 1553.5831 1553.56 0.023099804
16 1559.573625 1559.532 0.04162514
17 1562.889052 1562.86 0.029052179
18 1563.078723 1563.06 0.01872279
19 1565.931494 1565.896 0.035494459
20 1567.082087 1567.04 0.042086657
21 1569.619122 1569.572 0.047121507
22 1570.466736 1570.396 0.070735852
23 1571.238082 1571.204 0.034082046
24 1573.316937 1573.228 0.088936685
25 1573.434433 1573.364 0.070433439
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Table 4.4: Continued with the last table.
Channel Number λtarget (nm) λexperiment (nm) λtarget − λexperiment
26 1573.928986 1573.888 0.040986226
27 1576.215317 1576.18 0.0353169
28 1578.830334 1578.816 0.014333793
29 1582.048926 1582.016 0.032925987
30 1584.286887 1584.24 0.046886847
31 1584.403431 1584.368 0.035431439
32 1584.553016 1584.56 -0.006983958
33 1588.816606 1588.804 0.012605702
34 1594.269731 1594.24 0.029730975
35 1594.365328 1594.36 0.005328009
36 1596.300787 1596.304 -0.003212903
37 1596.484269 1596.508 -0.023731344
38 1600.981519 1600.992 -0.010481202
39 1601.261073 1601.272 -0.010926527
40 1602.139824 1602.16 -0.020176494
41 1602.668845 1602.676 -0.007155454
42 1604.042243 1604.076 -0.033757417
43 1604.691331 1604.724 -0.032668787
44 1606.66421 1606.692 -0.027789744
45 1607.347481 1607.384 -0.036518508
46 1610.679 1610.732 -0.052999936
Table 4.5: Major parameters of the fabricated first generation CWBG device.
Parameter Value
Overall CWBG Length(L) 2cm
Length of Each Segment in LP/LA Before Discretization (∆) 4µm
Number of Segments in LP/LA 5000
Length of Each Discretized Segment (∆L) 100nm
Number of Discretized Segments 200, 000
Maximum Effective Index Variation ±0.014
Si3N4 Core Width Range 400nm− 2µm
Si3N4 Core Thickness 100nm
SiO2 Cladding Thickness 5µm top and 5µm under
Number of Spectral Notches 46
Suppression Ratios 10dB − 39dB
3dB Bandwidth 0.3− 0.4nm
Spectral Precision ±0.1nm
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Chapter 5: Discussions & Further Improvements
5.1 Fully-tunable CWBG
In the previous section, although a powerful CWBG has been experimentally
fabricated to remove 20 prescribed spectral dips, there is still a critical problem
which remains unanswered: what if those spectral notches are not exactly in their
desired locations in the spectrum? How about those dips are all shifted to the left
or to the right in the spectrum? This can be a serious problem, as the theoretical
index used in the simulation may not be exactly the same as the real index of the
CWBG materials. As a very simple example, if we want to design a spectral dip
which is centered at 1550.00 nm, in practice the notch may be centered at 1546.55
nm.
To solve this problem, a method which can fully adjust the positions of the
spectral notches is found. The basic principle behind this method is this: if the
real index of the CWBG is larger than the theoretical index of the CWBG used
in the design, then the spectral locations of the real notches will be on the longer-
wavelength side of the original desired positions, i.e. they will be red-shifted in
practice. So, if we want the real notches be in the right place, we need to increase
the theoretical index correspondingly.
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Figure 5.1: Demonstration of a fully-tunable CWBG (a) Originally fabricated
CWBG whose spectral notches are not shifted. (b) A second CWBG with mod-
ified parameters, whose spectral notches are all shifted 10 nm to lower wavelength.
Experiment is performed to verify this idea, and it proves to be a successful
solution. Two CWBGs (CWBG 1 and CWBG 2) are fabricated both with 20 spec-
tral notches. Every parameter is set to be equal for these two CWBGs, but the
theoretical index of CWBG1 is set to be 0.01 smaller than the index of CWBG 2.
As the theoretical index of CWBG 2 is higher than that of CWBG 1, the notches
of CWBG 2 should be shifted 10 nm left with respect to CWBG 1. This theoretical
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prediction is fully verified by the experimental results, as shown in Fig. 5.1.
Therefore, the spectrum of the CWBG can be fully tuned, just by changing a
parameter in the algorithm. The fabrication process will always remain the same and
straightforward. Using the same principle, separations of the neighboring notches




As shown in the last chapter, there is a very obvious absorption dip in the
transmission spectrum of our 47-notch grating. This absorption dip is indicated by
the arrow in Fig. 5.2 (a), and it appears clearly at the wavelength of 1500 nm.
Several papers [31] [32] have already discussed the reason behind this phenomenon.
It is basically associated with H in SiO2 and Si3N4 layers, because hydrogen is one
of the major elements in both the PECVD process and the LPCVD process.
To solve this problem of absorption at 1500 nm, we tried a thermal annealing
process at the temperature of 1200 C. The spectrum of the 47-notch grating sample
was measured before and after 0.5 hour, 1.5 hours, and 3.5 hours of annealing
process, and the experimental results are compared in Fig. 5.2. It is clear that a
1.5 hour annealing process at 1200 C is able to remove the absorption completely.
There is also another absorption dip at around the wavelength of 1.4µm, also
caused by H in SiO2 and Si3N4 layers. Although it is not discussed in this thesis
right now, we are also in the process of removing that absorption dip using the
annealing process. Hopefully we can provide satisfactory and reliable results in the
near future.
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Figure 5.2: Thermal annealing at 1200 C has been used to remove the absorption
dip at 1500 nm. (a) Before annealing, the absorption dip was very clear. (b) After
0.5 h annealing at 1200 C, the absorption dip was less obvious. (c) After 1.5 h
annealing at 1200 C, the absorption dip was gone. (d) After 3.5 h annealing at 1200
C, the spectrum was the same as 1.5 hour annealing.
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5.3 Some Further Improvement & Future Work
Although the current experimental results are really promising, there are still
many improvements which can be investigated more or done in the future.
1. Although a CWBG with 20 dips has been demonstrated, the depths or the
suppression ratios of these dips are not exactly the same. Some are deeper
at around 25 dB, but some are shallower at around 15-17 dB. In the original
design, they are all supposed to have the same suppression ratio. Therefore,
more effort (such as patterning using a better 100 kV EBL system) is needed
to make sure that all spectral notches have the same depths and bandwidths
as in the design.
2. As can be seen from all the previous figures of CWBG, the side band is not
super smooth. In theory it should be a very plain and smooth spectrum
without any side-lobes, but in practise there is still some very narrow side-
lobes which are around 1 dB deep. There could be caused by insufficient
resolution of our current e-beam lithography system in writing very small
waveguide width steps ( 4 nm for the most recent CWBG design). In order to
solve this, a more precise e-beam lithography with 100 kV acceleration voltage
may be required.
To explain it in more details, presently I am using a 30 kV e-beam lithography
machine from Raith to write the CWBG, whose best feature size is just about
20-30 nm, assuming the focus, stigma, aperature, etc are all perfectly adjusted.
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Ideally, the minimum feature size should be 5 nm or even less. Thus I am
actually challenging the capability of Raith machine, and every lithography is
’try my best’. The good news is that UMD just acquired a new 100 kV EBL
system, so we should definitely try writing the same CWBG patterns using
the new EBL system with higher resolution.
3. The propagation loss of the CWBG is around 2 - 3 dB/cm, which is a problem
for the application of astrophysics. The overall loss should be minimized as
small as possible. Every photon counts importantly in the field of astrophysics.
Some of the loss may be from the Si-N bond and N-H bond [32] and [31]. In
order to decrease the overall propagation loss or radiation loss of the CWBG,
a good way to start here is to perform some thermal annealing process for the
fabricated waveguide coupler, for a few hours.
4. For future applications, the CWBG may need to be connected with photonic
lanterns, which has 20 or even more output single-mode fibers. The coupling
can be a problem. Therefore, it may be useful for us to try fabricating waveg-
uide lantern, which can be fabricated on the same chip with our CWBG and
AWG. Thus everything is integrated on one single chip, eliminating the prob-
lem of coupling and connection. Similar waveguide lanterns have been realized
in [33] and [34].
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Chapter 6: Conclusions
In the first part of the proposal, the world’s first CWBG is demonstrated
both theoretically and experimentally. The CWBG is able to get rid of multiple
randomly-distributed wavelengths in the spectrum. It is fabricated using silica-
on-silicon technology with the help of e-beam lithography. The whole process is
designed to be very straightforward and easy to follow, but it produces one of the
most powerful integrated optical filters.
To realize such a CWBG, a LP/LA algorithm is used at first for calculating
the grating profile, or the effective index variation along the grating. Then the effec-
tive index is converted into a detailed shape/structure of a waveguide grating. The
thickness of the waveguide grating is a constant, but the width varies in an aperi-
odic way. With the help of Matlab script control, about 200’000 small segments are
assembled together to form the final shape of CWBG, whose overall length is about
2 cm. After this, a 3D simulation is performed using FIMMWAVE / FIMMPROP,
to check if the reconstructed spectrum agrees with the target spectrum or not. If ev-
erything is fine, the profile of CWBG is exported from FIMMWAVE / FIMMPROP
to a GDSII file for e-beam lithography directly. High coupling fiber-to-waveguide
couplers are also added to both sides of the CWBG. Finally, the spectrum of the
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CWBG is measured with a broadband lightsource, a fiber rotator and an Optical
Spectral Analyzer (OSA). Fully tunablility of the CWBG is also demonstrated, so
the spectral locations of the real dips can appear precisely at their desired positions
in the spectrum.
The future improvements will involve realization of 50 and 100 random spectral
notches, better accuracy (± 0.1 nm) of the spectral position for each notch, and
further reduction of the propagation loss. Integration of CWBG with AWG and
integrated waveguide lanterns will also be realized.
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Part II
Fiber-to-Waveguide Coupler With Ultra High Coupling Efficiency
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Chapter 7: Introduction
Si3N4/SiO2 waveguides on silicon find applications in communication, signal
processing, optical sensors, narrow-band filters, photonic band gap engineering, on-
chip optical frequency comb generation, short pulse generation and photonic inte-
grated circuits for optical interconnects [35] [36] [37] [38] [39] [40] [41]. Compared
with Silicon-on-Insulator (SOI) technology which absorbs light below the wavelength
of 1.1 µm, Si3N4/SiO2 waveguide has the advantage of a larger transparent spec-
trum and ultra-low propagation loss [42] [43]. The index contrast between Si3N4
and SiO2, although not as high as that in the SOI waveguides, is still large enough
to realize reasonably confined waveguides for integration. As for any integration
platform, one of the key issues is how to couple light efficiently from an optical fiber
into a planar waveguide.
Generally speaking, there are three major approaches for achieving a high
coupling efficiency between an optical fiber and a Si3N4/SiO2 waveguide. The first
approach utilizes the grating coupler (GC), where the light is launched from an
optical fiber into a GC at an oblique angle [44]. A large number of studies have
been focused on improving the coupling efficiencies by using a GC [45] [46] [47]. One
drawback of the GCs is that these devices are not usually broadband, because the
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phase matching condition can only be met near the central wavelength. Moreover,
since a GC typically couples the light from a single-mode optical fiber to a multi-
mode waveguide, a subsequent mode-converter is necessary for bringing the light
back to a single-mode confined waveguide. It is worth noting that the state-of-the-
art GC has recently demonstrated a coupling loss of 0.62 dB with a grating width
of 15 µm. This grating width needs to be tapered down with an appropriate taper
and this leads to extra loss [48].
The second popular approach to achieving a high coupling efficiency between
an optical fiber and a Si3N4/SiO2 waveguide is to use a taper at both ends of the
waveguide [49]. The taper-based couplers are inherently more broadband than the
GC-based couplers, but in most cases,it requires a precise end-facet cleaving pro-
cess to achieve a high coupling efficiency. Finally, the third approach of coupling
relies on the concept of evanescent-field coupling, where efficient coupling is real-
ized between an overlap region between a single-sided conical tapered fiber and a
tapered Si3N4/SiO2 waveguide [50]. Although the results are promising, it is hard
to apply this technique for coupling to multiple devices or for large scale integration
applications.
In this part of the thesis, we demonstrate a fiber-to-waveguide coupler im-
plemented on the Si3N4/SiO2 waveguides on silicon substrate using Si3N4 as the
core material and SiO2 as the cladding material. This coupler features ultra high
coupling efficiency (98 % in theory and 96 % in experiment) for a ultra-broadband
transmission spectrum, ease of cleaving and large alignment tolerances. The ap-
proach introduced here is also applicable for multi-device operations. In Chapter 8,
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we first present a theoretical analysis of the coupling efficiencies for different waveg-
uide parameters (i.e. thickness of layers, waveguide width, etc). Then, in Chapter 9
the couplers are fabricated and the coupling efficiencies and the alignment tolerances
are characterized experimentally. In Chapter 10, we discuss further improvements
and potential applications suitable for the waveguide coupler. Finally, in Chapter
11, we conclude and briefly discuss future work.
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Chapter 8: Design & Simulation
8.1 Waveguide Coupler Design
Fig. 8.1 shows our proposed geometry of the waveguide coupler. The waveg-
uide coupler, which has Si3N4 as the core layer and SiO2 as both the top and bottom
cladding layers, is implemented on the Si3N4/SiO2 waveguides on silicon substrate
to obtain a larger spectral transparency window. Compared with the SOI plat-
form which absorbs light below 1.1 µm, a Si3N4/SiO2 waveguide is transparent for
both the visible and the near-infrared spectra. Having such a large spectral oper-
ation range is of particular interest in many areas, such as sensors and astronomy
applications [9] [8].
As shown in Fig. 8.1, the whole waveguide coupler is composed of three parts.
Part I is a loosely-confined straight waveguide whose mode profile is optimized for
the maximum coupling with the fiber. As will be shown later, the geometry of
the Part I waveguide is investigated such that it could realize a ultra-broadband
coupling efficiency over a wide spectrum. There is also another benefit of putting
the Part I straight waveguides on both ends of the coupler. The advantage is the
ease of end-facet cleaving process, which tends to be tedious and tricky. Because
of the Part I straight waveguides, the cleaving position is not that important for
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Figure 8.1: Diagram of the Si3N4/SiO2 waveguide coupler which is composed of
three parts. Part I is a straight waveguide with a loosely-confined mode for ultra-
broadband high coupling efficiency and insensitivity to cleaving position. Part II is
an adiabatic mode-converter which converts the loosely-confined mode to a more-
confined mode. Part III is the central areas where the mode is more confined.
Depending on future applications, specific structures can be written on Part III. As
a proof of demonstration for the coupling efficiency, in this paper Part III is written
as a straight waveguide with a more confined mode.
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realizing the high coupling efficiency. The coupling efficiency will be decent as long
as the cleaving takes place within the Part I straight waveguide.
Following Part I of the waveguide, Part II is an adiabatic waveguide mode-
converter which transforms the loosely-confined mode in Part I to the more-confined
mode in Part III. The length of Part II is selected to be about 500 - 1000 µm so the
mode conversion happens gradually without noticeable radiation loss. Besides, the
length of both Part I and Part II are chosen not to be very long, so the propagation
loss of Part I and Part II is still small. Considering a length of 300 µm for Part I
and a length of 500 µm for Part II, and a typical propagation loss of < 2 dB/cm, the
overall propagation loss of Part I plus Part II will be < 0.16 dB, which is tolerable
for most applications. Finally, Part III of the waveguide coupler is the region where
the optical mode is more confined. Various structures, such as waveguide Bragg
gratings (WBG), ring resonators, arrayed waveguide gratings (AWG), etc, can be
fabricated in this region to fulfil many different purposes.
Before moving on to the simulations, please let me compare and analyze the
three coupling techniques (butt-coupling, coupling from GC, and evanescent-field
coupling) here briefly again. The waveguide coupler analyzed in this thesis is de-
signed to be butt-coupled with the optical fiber. Compared with other coupling
techniques such as GC or evanescent-field coupling, it is easy to align the fiber to
achieve a high butt-coupling efficiency. In addition, using butt-coupling technique,
it is also possible to couple to several devices simultaneously. Unlike evanescent-field
coupling [50], butt-coupling has the benefit of larger fiber-to-waveguide alignment
tolerances. And compared to GC, the butt-coupling approach has a better wave-
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length insensitivity. We note that the alignment tolerances of butt-coupling can be
comparable to that of GC. For most butt-coupled waveguide couplers with nano-
sized tapers at the end, the cleaving has to occur exactly in the end of the taper,
with a precision of ± 10 µm. As a comparison, in our design the Part I waveguide
has a relatively long length (500 µm) during the fabrication, so the silicon chip can
be cleaved anywhere in Part I of waveguide, within say ± 200 µm.
84
8.2 Simulation
For both the design and the simulation, an optical simulation software FIMMWAVE/-
FIMMPROP from Photon Design Ltd, is used for obtaining the mode profiles and
the coupling efficiencies [51]. The coupling efficiency is calculated by performing
the integrals of the field overlap between the fiber mode and the waveguide mode.
FIMMPROP also allows the export of a GDSII pattern of the whole waveguide cou-
pler for the subsequent nano-fabrication. In order to get a high coupling efficiency,
a high numerical aperture (NA) UHNA3 fiber with a small mode size of 4.1 µm at
the wavelength of 1550 nm is used for the butt-coupling with the waveguide coupler.
The use of a high NA UHNA3 fiber is not a problem since a low splicing loss of ∼
0.1 dB with a typical single-mode fiber (i.e. SMF28) can be realized easily [52] [53].
So although in this paper the waveguide coupler is designed to be coupled with the
UHNA3 fiber, the same type of coupler will also be compatible with a SMF28 fiber
provided it is fusion spliced properly with an UHNA3 fiber.
A thorough and precise simulation is required when optimizing the dimensions
of the Si3N4 waveguide coupler. In the first step, we try to make the whole coupler
design as simple as possible, so a standard single mode fiber (SMF28) and a 1-layer
Si3N4 waveguide with a rectangular cross-section are chosen in the simulation. Here,
the wavelength used is 1550 nm, and the fiber is butt-coupled to the cleaved end of
the Si3N4 waveguide coupler. In the first step, a commercial optical design software
(FIMMWAVE / FIMMPROP) is used for the modeling [51]. A complex Finite
Difference Method (FDM) mode solver is used for finding the modes in the Si3N4
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waveguide, and a complete field overlap integral method is used for obtaining the
coupling efficiency at the interface between the fiber and the waveguide. Finally,
to guarantee the reliability of the calculated coupling efficiency, the size of the
computation grid, which determines how precisely the waveguide cross-setion is
sampled in the simulation, is selected carefully. As is well known, the simulation
will be imprecise when the size of the computation grid is too large, and will be very
time-consuming when the computation grid is too small. The size of the computation
grid is chosen in such a way that even if we decrease it further more, the coupling
efficiency still remains the same. In this case, the results of the whole simulation
have converged and are therefore reliable.
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8.2.1 Some Tricks and Discussions about FimmWave/FimmProp
Before moving on to the simulation results, there are two small but very im-
portant ”rules” that should always be observed in the simulation. These are such
seemingly minor things that sometimes people just forgot to check them.
8.2.1.1 Guarantee Sufficient Simulation Region
The first ”rule” is: always make sure that the mode field intensity approaches
zero at the boundary of the simulation region. If the mode field does not go to zero
at the boundary, then it indicates the simulation region is just not big enough and
we are losing some of the mode information. In this case, any results obtained from
an insufficient simulation region will be unreliable.
Suppose we know the current simulation region is too small to wholly cover
the mode field, we just need to increase the region (that means to increase the SiO2
cladding region in the following example). More importantly, it also tells us what
should we actually fabricate in the real experiment. Fig. 8.2 and Fig. 8.3 shows a
very good example of judging the appropriate simulation region.
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Figure 8.2: Simulation of a 100nm thick, 1µm wide Si3N4 waveguide. The SiO2
cladding region surrounding the Si3N4 core is set to be 5µm by 5µm here. The field
intensities do not approach zero at the boundary, so the results are not reliable. We
need to consider a larger SiO2 cladding region in both our theory and experiment.
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Figure 8.3: Simulation of a 100nm thick, 1µm wide Si3N4 waveguide. The SiO2
cladding region surrounding the Si3N4 core is set to be 10µm by 10µm here. The
field intensities approach zero at the boundary, so the results are reliable. This
indicates that a 10µm SiO2 cladding region is sufficient in both our theory and
experiment.
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8.2.1.2 Guarantee Sufficient Simulation Grids nx and ny
This trick applies to the Finite Difference Method, where the whole simulation
region was divided into a large number of grids vertically and horizontally. At this
moment, let us use nx and ny to represent the number of grids in the x and y
directions.
The choice of nx and ny is quite important. If they are too small, then the
simulation results will not be reliable enough. For example, let us assume a simple
simulation for a 100nm thick, 1µm wide Si3N4 waveguide, which is covered by 10µm
by 10µm SiO2 cladding. If nx = 100 and ny = 100, then the simulated parameters
(e.g. the effective index, FWHM) are just not precise enough. A good judgement
here is to just take a look at the 3D view of the field intensity. As shown in Fig.
8.4, the simulated field is not smooth at all.
As a comparison, in Fig. 8.5, if we set nx = 500 and ny = 500, the field
becomes quite smooth. The effective index calculated using nx = 500 and ny = 500
should be more accurate than the effective index calculated using nx = 100 and
ny = 100. For accuracy, it is recommended that nx and ny shouldn’t be too small.
It is also worth noting that if nx and ny are too large, then the simulation will
take a long time to run. In practise, nx and ny could be adjusted to be between 200
and 500, depending on the requirements between speed and precision.
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Figure 8.4: Simulation of a 100nm thick, 1µm wide Si3N4 waveguide surrounded
by 10µm by 10µm SiO2 cladding. If nx = 100 and ny = 100, the field profile is not
smooth, and the simulated data may not be accurate.
Figure 8.5: Simulation of a 100nm thick, 1µm wide Si3N4 waveguide surrounded
by 10µm by 10µm SiO2 cladding. If nx = 500 and ny = 500, the field profile is
smooth enough, and the simulation can be trusted. However, nx and ny shouldn’t
be too larger, for the run-time of the simulation will be too long.
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8.2.2 Simulation Results
8.2.2.1 Simulation Results: Coupling Efficiency with SMF28 Fibers
In order to optimize the coupling efficiency, the thickness and the width of the
Si3N4 waveguide are varied, and the corresponding coupling efficiency to SMF28 is
plotted, as shown in Fig. 8.6. In the simulation, the index of the core and cladding
of SMF28 is 1.4682 and 1.4615, giving a numerical aperture (NA) of 0.14, and the
MFD of SMF28 is set to be 10.4 µm at 1.55 µm. An interesting observation is made
here. The maximum coupling efficiency between a SMF28 and a Si3N4 waveguide
is almost constant (∼84%, or -0.8 dB), independent of the thickness of the Si3N4
waveguide from 50 to 100, 200 or 300 nm. However, when the thickness of the Si3N4
waveguide is smaller, the maximum coupling occurs at a larger waveguide width.
For a 50 nm thick Si3N4 waveguide, the best coupling happens at a width of about
1.2 µm. On the other hand, for a 300 nm thick Si3N4 waveguide, the optimum
coupling efficiency occurs at a width of about 200 nm. Based on these plots, we find
that a reasonable thickness of the Si3N4 waveguide is 100 nm (not too thin in order
to minimize possible unevenness in the layer thickness), and decent coupling can be
achieved if the width of the waveguide is between 500 nm and 600 nm. The MFD
of the mode is 3.96 µm in the x direction and 3.52 µm in the y direction, for a 100
nm × 500 nm Si3N4 waveguide. This mode profile allows a good coupling efficiency,
but it is not a well-confined waveguide mode. As a contrast, a reasonably confined
waveguide mode occurs when the geometry of the Si3N4 waveguide is 100 nm ×
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1.25 µm, with a MFD of 1.75 µm in the x direction and 1.37 µm in the y direction.
Therefore, for future integration purpose, a simple tapered mode converter can be
added to convert a 100 nm × 500 nm Si3N4 waveguide to a 100 nm × 1.25 µm Si3N4
waveguide, therefore producing a more confined mode. This type of taper is easy to
pattern, since the minimum scale is 500 nm.
(a) (b)
(c) (d)
Figure 8.6: Theoretically expected coupling efficiency between SMF28 and Si3N4
waveguide (a) Si3N4 thickness is 50nm. (b) Si3N4 thickness is 100nm. (c) Si3N4
thickness is 200nm. (d) Si3N4 thickness is 300nm.
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8.2.2.2 Simulation Results: Coupling Efficiency with SM1500G80
Fibers
To further investigate the coupling capability of the Si3N4 waveguide couplers,
we try to change the type of fiber from SMF28 to Thorlabs SM1500G80, which has
a smaller MFD of 6.4 µm. The index of the fiber core and cladding is 1.45636 and
1.44399 respectively, giving a NA of 0.19. Fig. 8.7 shows the coupling efficiency
between the SM1500G80 fiber and the Si3N4 waveguide of different dimensions.
The maximum efficiency in this case is ∼ 94 %, or -0.27 dB. This is by far the
best coupling efficiency proposed using Si3N4-core waveguide in the silica-on-silicon
planar waveguide technology. At the maximum coupling, a MFD of 2.31 µm in
the x-direction and a MFD of 2.11 µm in the y-direction are extracted, for a 100
nm × 700 nm Si3N4 waveguide. To show it more clearly, the mode profiles of
both 100 nm × 700 nm Si3N4 waveguide and SM1500G80 fiber are shown in Fig.
8.8. Similarly, for future integration applications, the addition of a tapered mode
converter which changes the waveguide dimension from 100 nm × 700 nm to 100 nm
× 1.25 µm will be sufficient. In this case, both high coupling efficiency and better
mode confinement can be realized on a small chip. Moreover, another insightful
observation is made. From Fig. 1 and Fig. 2, when the thickness of the Si3N4
waveguide is the same, the maximum coupling with SM1500G80 occurs at a larger
waveguide width than with SMF28. For instance, for a 50 nm thick Si3N4 waveguide,
the best coupling happens at a waveguide width of ∼ 1.2 µm for SMF28 fiber, but
at ∼ 1.75 µm for SM1500G80 fiber. This observation can be easily understood by
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realizing that the best coupling is reached when the MFD of the fiber is most similar
to the MFD of the waveguide. Since the MFD of SM1500G80 is smaller than that
of SMF28, SM1500G80 will require a smaller waveguide mode than SMF28 for the
ideal coupling. A smaller waveguide mode represents a more confined mode, which
means for a certain Si3N4 waveguide thickness, the width of the waveguide needs to
be larger in order to trap more light inside the waveguide core region. Therefore,
this leads to a larger Si3N4 waveguide width for maximum coupling in the case of
SM1500G80 as compared to SMF28. Finally, it is worth noting that such Si3N4
waveguide couplers are very broadband for maintaining high coupling efficiencies.
For example, for the coupling between SM1500G80 fibers and 100 nm × 700 nm
Si3N4 waveguide couplers, simulation shows that a coupling efficiency above 90 %




Figure 8.7: Theoretically expected coupling eficiency between SM1500G80 and Si3N4
waveguide (a) Si3N4 thickness is 50nm. (b) Si3N4 thickness is 100nm. (c) Si3N4




Figure 8.8: Theoretically expected mode profile of 100 nm × 700 nm Si3N4 waveg-
uide and SM1500G80 fiber (a) 100 nm × 700 nm Si3N4 waveguide. (b) SM1500G80
fiber.
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8.2.2.3 Simulation Results: Coupling Efficiency with UHNA3 Fibers
Fig. 8.9 shows the theoretical coupling efficiency between the UHNA3 fiber and
the Si3N4/SiO2 waveguide with different waveguide width/thickness geometries. The
mode studied here is the fundamental TE mode of the Si3N4/SiO2 waveguide, with
a smaller mode size, a higher effective index and a lower propagation loss comparing
with other leaky modes. The thicknesses of both top and bottom claddings are
both 5 µm in the simulations and in the subsequent experiments. A 5 µm top and
bottom cladding is thick enough to isolate the mode from being absorbed by the
silicon substrate.
In this simulation, three different Si3N4 core thicknesses, 100 nm, 200 nm,
and 300 nm, are studied, and for each thickness the coupling efficiency is plotted
by varying the Si3N4 core width. According to the simulation result, a ultra-high
theoretical coupling efficiency of 98 % is obtainable between the UHNA3 fiber and
the Si3N4/SiO2 waveguide for all three thicknesses of 100 nm, 200 nm and 300 nm,
although the maximum coupling efficiency happens at different waveguide widths.
Table 8.1 lists the maximum theoretical coupling efficiency achievable and the corre-
sponding optimum waveguide geometries. If the Si3N4 core thickness is 100 nm, the
width of the Si3N4 core needs to be about 900 nm to get 98 % coupling efficiency. If
the thickness is 200 nm and 300 nm, the optimum Si3N4 core width becomes 450 nm
and 330 nm, respectively. It is found that the maximum theoretical coupling effi-
ciency is predicted to be a constant value as long as the fiber type and the waveguide
core/cladding materials are as stated. In future work, we will present more details
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Figure 8.9: Theoretical coupling efficiency versus the tip width of the waveguide
between the UHNA3 fiber and the Si3N4/SiO2 waveguide for three thickness: 100
nm, 200 nm and 300 nm, at the wavelength of 1550 nm. Although the thickness
and the tip width can vary, the maximum coupling efficiency is predicted to be a
constant as long as the fiber type and the waveguide materials are fixed. In this case,
the fiber is UHNA3 and the waveguide is Si3N4/SiO2, and the maximum theoretical
coupling efficiency is 98 %.
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on why the maximum theoretical coupling efficiency is a constant value, and we will
consider different fibers and different waveguides.
Table 8.1: Maximum theoretical coupling efficiencies at 1550 nm and the corre-
sponding Si3N4 thicknesses/tip widths
Si3N4 Thickness Si3N4 Tip Width Maximum Theoretical Coupling Efficiency
100 nm 900 nm 98.4 %
200 nm 450 nm 98.3 %
300 nm 330 nm 98.4 %
To verify the wavelength sensitivity of the coupling efficiency, a plot of the
theoretical coupling efficiency as a function of wavelength for these three optimum
waveguide geometries, 100 nm × 900 nm, 200 nm × 450 nm, and 300nm × 330 nm,
is given in Fig. 8.10. As shown before, these three waveguide geometries all give a
98 % theoretical coupling efficiency at the central wavelength of 1550 nm, but their
wavelength sensitivities are not the same. The geometry of 100 nm × 900 nm gives
the best wavelength insensitivity, and the coupling efficiency is always higher than
70 % even over a wavelength range of 1 to 2 µm. This is because the mode of 100
nm × 900 nm Si3N4 waveguide is more loosely confined compared to the other two
geometries. This geometry has a high aspect-ratio (width / thickness) waveguide
geometry with a low confinement factor. The mode field is mostly out of the core
region for the 100 nm × 900 nm waveguide, and therefore the mode field diameter
does not depend sensitively on wavelength. On the other hand, the wavelength
sensitivities of the 200 nm × 450 nm and the 300nm × 330 nm waveguides are
similar but are not as good as for the 100 nm × 900 nm waveguide. This is because
the mode for the 200 nm × 450 nm and the 300nm × 330 nm geometries is more
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Figure 8.10: Theoretical coupling efficiency as a function of wavelength between the
UHNA3 fiber and the Si3N4/SiO2 waveguide of three optimum geometries in Table
8.1: 100 nm × 900 nm, 200 nm × 450 nm, and 300 nm × 330 nm. These three
geometries all give a theoretical coupling efficiencies of 98 % at the wavelength of
1550 nm. The coupling efficiency is least wavelength-sensitive for 100 nm thick, 900
nm wide Si3N4 waveguide.
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confined.
Finally, another important feature to consider is the alignment tolerances be-
tween the fiber and the waveguide. It is defined as the 3-dB width (FWHM) in a
plot of the coupling efficiency versus the displacement in the x- and y- direction.
This parameter indicates whether the coupling efficiency will drop substantially or
not when the center of the fiber is moved horizontally or vertically with respect to
the waveguide coupler. A large alignment tolerance means that even if the position
of the fiber changes by a few microns, a good coupling efficiency (< 3 dB change) can
still be maintained. Fig. 8.11 shows the theoretical alignment tolerances between
the UHNA3 fiber and the Si3N4/SiO2 waveguide. It is found that the theoretical
alignment tolerances are almost the same for all the three waveguide geometries,
with 3.6 µm in the horizontal direction and 3.5 µm in the vertical direction.
As a proof-of-concept demonstration, we have fabricated and studied the 100
nm × 900 nm Si3N4 waveguide. This waveguide is expected to give a high coupling
efficiency over a broad spectral range (Fig. 8.10). Moreover, according to Bowers





Figure 8.11: Theoretical 3-dB width (FWHM) alignment tolerances between the
UHNA3 fiber and the Si3N4/SiO2 waveguide of three different geometries: 100 nm
× 900 nm, 200 nm × 450 nm, and 300 nm × 330 nm. It is defined as the 3-dB
width in the plot of the coupling efficiency versus offset. The theoretical alignment
tolerances are 3.6 µm horizontally and 3.5 µm vertically for all three waveguide
geometries. (a) horizontal alignment tolerance. (b) vertical alignment tolerance.
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Chapter 9: Fabrication & Experimental Results
9.1 Fabrication and Experimental Set-up
The fabrication starts with a silicon wafer with a 5 µm thermal SiO2 layer on
top. A 100 nm thick Si3N4 layer is then deposited using low-pressure chemical vapor
deposition (LPCVD). The shape of the waveguide coupler is defined by electron-
beam (e-beam) lithography. Following this, a 10 nm thick chromium hard mask
is deposited by e-beam deposition followed by a lift-off process. Then reactive-ion
etching (RIE) is performed and the chromium mask is removed, followed by another
5 µm SiO2 layer deposited by plasma-enhanced chemical vapor deposition (PECVD)
as the upper cladding layer. Finally, the thickness of the whole sample is polished
down from the backside from 500 µm originally to about 100 µm, using a lapping
jig. The waveguide coupler is then cleaved in the middle of Part I waveguide with
a good cleaving position tolerance of ± 200 µm, or better. The whole fabrication
process requires only one lithography step and one etching step.
It is noted that there are two extra benefits brought by this waveguide coupler
design. First, since the width of the Part I high coupling efficiency waveguide is
900 nm, the pattern can be easily done by deep-UV lithography which would lead
to higher yield as compared to e-beam lithography. Secondly, since the cleaving
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Figure 9.1: Fabrication procedures of the Si3N4/SiO2 waveguide coupler with waveg-
uide core thickness of 100 nm. The end-facet cleaving process does not need high
position accuracy, thanks to the addition of the Part I waveguide on both sides of
the waveguide.
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Figure 9.2: Experimental set-up for the waveguide performance measurement, show-
ing two XYZ stages which hold input and output fibers, two microscope cameras
for fiber/waveguide alignment and a waveguide sample mounted in the middle.
tolerance is high, the cleaving can take place almost anywhere in Part I of the
waveguide. A direct cleaving process without any back-side polishing is also possible,
which will save time and reduce the complexity of the fabrication process. A 500
µm thick waveguide sample is also much more robust than the 100 µm waveguide
sample obtained after back-side polishing. In our experiment, we have demonstrated
not only cleaving after back-side polishing of a 100 µm thick sample, but also direct
cleaving of the sample with a 500 µm thickness.
Fig. 9.2 shows the experimental set-up for the waveguide performance mea-
surement. The characterization set-up utilizes two XYZ translation stages, each
holding a fiber for butt-coupling on both sides of the waveguide coupler. Two mea-
surement methods are used. In the first method, a Superluminescent Diode (SLD)
broadband light source (Thorlabs S5FC1550P-A2) is used as the light source, and a
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3-paddle fiber polarization controller (PC) is used to control the polarization of the
input light to the TE mode. As shown in the previous part, a theoretical coupling
efficiency of 98 % is expected at the wavelength of 1550 nm. Similarly, an output
fiber is butt-coupled to the other side of the waveguide coupler for maximum power
output. Finally, an Optical Spectral Analyzer (OSA) is used to record the trans-
mission spectrum of the waveguide coupler. In the second measurement method, a
tunable laser and a power meter are used instead of the SLD broadband light source
and the OSA. Both set-ups give the same results for the coupling efficiency.
To measure the coupling efficiency of the waveguide coupler, the through-
put of two perfectly cleaved and aligned fibers (without the waveguide coupler in
the middle) is measured, which represents the reference level for the fiber-to-fiber
transmission. Then the Si3N4/SiO2 waveguide coupler is positioned between the
two fibers, and the light is coupled into and out of the Si3N4/SiO2 waveguide cou-
pler by carefully adjusting the input and output fibers for maximum transmission.
The difference between the fiber-to-fiber transmission and the fiber-waveguide-fiber
transmission includes the coupling losses from both facets plus the propagation loss.
To find out the coupling efficiency, waveguide couplers with different lengths of 5
mm, 10 mm, and 15 mm are fabricated and cleaved. The transmission difference
allows the extraction of both the propagation loss and the coupling efficiency. An
index-matching gel is used to eliminate unwanted reflections and to remove any
small air gaps between the cleaved fiber facet and the cleaved waveguide facet. The
described insertion loss measurement approach is widely used in the field [54–56].
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9.2 Experimental Results
9.2.1 Coupling Efficiency with SMF28 Fibers
The propagation loss and the coupling efficiency is obtained by plotting the
transmissions of various Si3N4 waveguides versus their lengths (5 mm, 10 mm or
15 mm), and then by making a least-squared linear fit to the experimental points.
The slope of the linear fit denotes the propagation loss, and the intercept equals
2 × the coupling loss. In order to study the coupling efficiencies between Si3N4
waveguides and SMF28 fibers, Si3N4 waveguides with a fixed thickness of 100 nm
and three different widths (400 nm, 500 nm and 600 nm) are fabricated and tested,
as shown in Fig. 9.3. These coupling efficiencies were measured at the wavelength
of 1500 nm. These waveguide widths of 400 nm, 500 nm and 600 nm are chosen
near the peak of the coupling efficiency curve in Fig. 8.6(b), which is simulated
by fixing the waveguide thickness to be 100 nm and varying the waveguide width.
The coupling efficiencies are extracted as -1.685 dB (68%), -0.747 dB (84%) and
-0.81 dB (83%) for 100 nm × 400nm, 100 nm × 500nm and 100 nm × 600nm
Si3N4 waveguides respectively. The comparison between the simulation and the
experimental data is shown in Fig. 9.3(d), which plots the fitted average coupling
efficiency versus the waveguide width, when its thickness is 100 nm. Although
the coupling efficiency between the Si3N4 waveguide and the SMF28 fiber is good,
further improvements, such as using the wafer-to-wafer bonding technique to transfer
a thermally-grown SiO2 as the top cladding layer, can be applied to substantially
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minimize the propagation loss [43]. Compared with PECVD SiO2 (which is generally
deposited at 300 ◦C), thermal SiO2 has better quality (less chamber contamination
and higher temperature growth). Post annealing process at ∼ 1100 ◦C may also be
beneficial, as it decreases the concentration of N-H bonds in the film caused during
the PECVD process [57]. Finally, the average coupling efficiencies are also shown in
Table 9.1, together with the 68 % confidence intervals, which show the region where
the real coupling efficiencies will most likely lie.
(a) (b)
(c) (d)
Figure 9.3: Coupling efficiencies between 100 nm thick Si3N4 waveguides and SMF28
fibers, measured at the wavelength of 1550 nm. (a) width of Si3N4 is 400nm. (b)
width of Si3N4 is 500nm. (c) width of Si3N4 is 600nm. (d) comparison between the
simulation and the experimental coupling efficiencies.
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Table 9.1: Average coupling efficiencies between 100 nm thick Si3N4 waveguides and
SMF28 fibers, measured at the wavelength of 1550 nm
Waveguide dimension Average coupling efficiency
100 nm × 400nm (68 ± 1.5) %
100 nm × 500nm (84 ± 4) %
100 nm × 600nm (83 ± 3) %
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9.2.2 Coupling Efficiency with SM1500G80 Fibers
Similarly, to examine the coupling efficiencies between Si3N4 waveguides and
SM1500G80 fibers, Si3N4 waveguides with a fixed thickness of 100 nm and three
different widths (600 nm, 700 nm and 800 nm) are fabricated and tested, as shown
in Fig. 9.4. These coupling efficiencies were measured at the wavelength of 1500 nm.
The coupling efficiencies are found to be -0.5465 dB (88%), -0.3688 dB (92%) and
-0.702 dB (85%), and the comparison between the simulation and the experimental
data is also shown in Fig. 9.4(d). The propagation losses in both experiments are
found to be about 2-3 dB/cm. These losses are not only caused by the scattering
loss from the surface roughness, but also due to the absorption losses due to H in
Si3N4 and in SiO2 [31] [32]. In a future paper, we will present our effort to signif-
icantly reduce these propagation losses using high temperature thermal annealing
process. Moreover, Table 9.3 shows the average coupling efficiencies with 68 % con-
fidence intervals as well. These are by far the highest coupling efficiencies obtained
for Si3N4-core waveguide on the silica-on-silicon platform. At the same time, it is
demonstrated both theoretically and experimentally that high coupling efficiency




Figure 9.4: Coupling efficiencies between 100 nm thick Si3N4 waveguides and
SM1500G80 fibers, measured at the wavelength of 1550 nm. (a) width of Si3N4
is 600nm. (b) width of Si3N4 is 700nm. (c) width of Si3N4 is 800nm. (d) compari-
son between the simulation and the experimental coupling efficiencies.
Table 9.2: Average coupling efficiencies between 100 nm thick Si3N4 waveguides and
SM1500G80 fibers, measured at the wavelength of 1550 nm
Waveguide dimension Average coupling efficiency
100 nm × 600nm (88 ± 2) %
100 nm × 700nm (92 ± 8) %
100 nm × 800nm (85 ± 3) %
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9.2.3 Coupling Efficiency with UHNA3 Fibers
Figure 9.5: Theoretical and experimental coupling efficiency as a function of wave-
length between the UHNA3 fiber and the 100 nm × 900 nm Si3N4 waveguide, which
describes how much light is coupled from the UHNA3 fiber to the 100 nm × 900
nm Si3N4 waveguide. The experimental coupling efficiency at 1550 nm is 96 %, and
is > 90 % for the entire spectrum from 1450 nm to 1650 nm.
Fig. 9.5 shows the experimental coupling efficiency as a function of wavelength
between the UHNA3 fiber and the 100 nm thick × 900 nm wide Si3N4 waveguide.
The wavelength dependence of the coupler is measured from 1450 nm to 1650 nm.
The experimental coupling efficiency is 96 % at the central design wavelength of
1550 nm, and is > 90 % for the entire spectral range from 1450 nm to 1650 nm.
These results nicely agree with the simulation data. The wobble in the measured
coupling efficiency is due to the fact that UHNA3 fiber is not a pure Polarization-
Maintaining (PM) fiber, so although the fiber is tuned to a pure TE mode at one
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wavelength, at other wavelengths there will be some amount of TM mode that will
appear. A further discussion about the coupling efficiency versus both TE and TM
modes will be given in the next section.
(a) (b)
Figure 9.6: Theoretical and experimental 3-dB width (FWHM) alignment tolerance
between the UHNA3 fiber and the 100 nm × 900 nm Si3N4 waveguide. (a) horizontal
alignment tolerance. (b) vertical alignment tolerance.
Table 9.3: Theoretical and experimental alignment tolerances between the UHNA3
fiber and the 100 nm × 900 nm Si3N4/SiO2 waveguide
Simulation Data Experimental Data
Horizontal Direction 3.6 µm 3.8 µm
Vertical Direction 3.5 µm 3.6 µm
We also obtained the alignment tolerances between the fiber and the waveguide
coupler. We first optimized the coupling for maximum transmission and then offset
the fiber position both horizontally and vertically. Fig. 9.6 shows the theoretical
and experimental coupling efficiency versus the offset, and Table. 9.3 lists the exper-
imental alignment tolerances both in the horizontal and the vertical direction. The
experimental alignment tolerances are 3.8 µm horizontally and 3.6 µm vertically,
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agreeing well with the theoretical values of 3.6 µm and 3.5 µm respectively.
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Chapter 10: Discussions & Further Improvements
10.1 Coupling Efficiency vs Polarization
In many applications, the waveguide device mainly operates in the fundamen-
tal TE mode, which has the highest effective index, the smallest mode size suitable
for integration and also the lowest propagation loss. However, sometimes an inte-
grated waveguide device needs to work specifically in the TM mode, or in both the
TE and the TM modes. In these cases, a polarization-insensitive coupling efficiency
is desired.
Table 10.1: Mode sizes ( 1
e2
intensity width) of both TE and TM modes for three
Si3N4/SiO2 waveguide geometries
TE Mode at 1550 nm TM Mode at 1550 nm
horizontal vertical horizontal vertical
100 nm × 900 nm 1.89 µm 1.67 µm 5.71 µm 4.55 µm
200 nm × 450 nm 1.56 µm 1.46 µm 2.75 µm 2.71 µm
300 nm × 330 nm 1.71 µm 1.66 µm 1.66 µm 1.70 µm
Fig. 10.1 gives the comparison between the TE mode and the TM mode for




Figure 10.1: Theoretical coupling efficiency versus the operating wavelength between
the UHNA3 fiber and the Si3N4/SiO2 waveguide for both the TE mode and the
TM mode. (a) 100 nm × 900 nm Si3N4 waveguide. (b) 200 nm × 450 nm Si3N4
waveguide. (c) 300 nm × 330 nm Si3N4 waveguide.
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ferent geometries: 100 nm × 900 nm, 200 nm × 450 nm, and 300 nm × 330 nm.
The difference of the coupling efficiency between the TE mode and the TM mode
is obvious for the 100 nm × 900 nm Si3N4 waveguide, and their performance are
very similar for the Si3N4 with 300 nm × 330 nm geometry. The reason for this
behavior lies in the aspect-ratio of the waveguide geometry, which is defined as the
ratio of the waveguide width divided by the waveguide thickness. Waveguides with
aspect-ratios close to unity have square-like cross-sections. It means that the TE
mode has a similar mode profile as the TM mode, just with a 90 degree rotational
difference. Therefore, a 300 nm × 330 nm Si3N4 waveguide is preferred if polariza-
tion insensitivity is the priority, and a 100 nm × 900 nm Si3N4 waveguide is more
desirable if wavelength insensitivity is desired for the fundamental TE mode. Table
10.1 lists the mode sizes for the three waveguide geometries both horizontally and
vertically. The polarization-insensitive operation of the waveguide coupler will be
studied in future work.
10.2 Applications
The waveguide coupler described here exhibits important properties, such as
ease of cleaving, high coupling efficiency and ultra-broadband wavelength insensi-
tivity, which make it attractive for a number of applications, including integrated
optical filters, Wavelength-Division Multiplexing (WDM) systems, quantum infor-
mation processing, and other optical network applications. In one of our recent work,
the waveguide coupler with a thickness of 100 nm is used in a Complex Waveguide
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Bragg Grating (CWBG) as a complex optical filter, which removes as many as 20
randomly-distributed spectral lines in the transmission spectrum [10]. According to
the theoretical algorithm, the CWBG has a Si3N4 layer with a constant thickness
of 100 nm everywhere, and it works on the TE mode for a broad spectrum between
1500 nm and 1550 nm. All these requirements make the 100 nm thick Si3N4 waveg-
uide coupler an ideal coupler for the CWBG. In our design, the CWBG utilizes two
100 nm thick Si3N4 waveguide on both ends for maximum coupling efficiency, and
has an aperiodic complex waveguide grating structure written on Part III according
to Fig. 8.1.
Another potential application of the waveguide coupler is for Arrayed Waveg-
uide Gratings (AWG). An AWG is used as an optical (de)multiplexers in wavelength
division multiplexed (WDM) systems. Designed to operate over a broad-band spec-
trum, the input of the AWG is generally an optical fiber containing light of different
wavelengths, and at its output the wavelengths are dispersed and come out from
different output channels. In a recent paper, an AWG has been realized on the
silica-on-silicon platform with 50 nm thick Si3N4 waveguide, with the benefit of ul-
tra low propagation loss [58]. The coupling efficiency of the AWG, however, was not
optimized fully at 1550 nm. The design and concept of the wavelength-insensitive
high coupling efficiency couplers described in this paper could be easily added to the
AWGs for better throughput. As a proof of demonstration, we have also successfully
combined the same type of coupler presented in this paper with a new type of AWG,
which is specifically designed for astronomical observations [59].
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Chapter 11: Conclusions
In this paper, the concept of a fiber-to-waveguide coupler based on a Si3N4/SiO2
waveguide is theoretically presented and experimentally analyzed. The waveguide
coupler features a high coupling efficiency of 98 % in theory and 96 % in our exper-
iment performed at a wavelength of 1550 nm, and > 90 % experimental coupling
efficiency in the spectral range from 1450 nm to 1650 nm. It also features ease of end-
facet cleaving position accuracy and large fiber-to-waveguide alignment tolerances
both vertically and horizontally. The horizontal and vertical alignment tolerances
are 3.8 µm and 3.6 µm experimentally, compared to the theoretical values of 3.6
µm and 3.5 µm respectively. This type of waveguide coupler is particularly useful
in applications such as integrated optical filters, WDM systems, quantum infor-
mation processing. All the experimental results agrees well with the theoretical
values. While this paper focuses on the coupling mechanism implemented using
the Si3N4/SiO2 waveguide, the good agreement between the measured and pre-
dicted values suggests that the same concept and approach can be applied to other
platforms, material systems, and fiber types. Future work will include a detailed
study of the polarization-insensitive waveguide couplers, high coupling efficiency to
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In this part of the thesis, I will show my Matlab programs used for Layer
Peeling/Adding algorithm. In this example, I showed the detailed steps on designing
a 20-notch filter.
11.2.1 Main Matlab Program for Layer Peeling/Adding algorithm
% This i s the main program fo r the LP/LA a lgor i thm
% Input : a t a r g e t r e f l e c t i v i t y spectrum ( i t can be conver ted
from e i t h e r a r e f l e c t i o n or a t ransmiss ion spectrum )
% Output : rho/q/ e f f e c t i v e i n d e x ( t h e s e t h r e e parameters are
c o n v e r t i b l e to each o ther ) o f the corresponding g ra t i n g
% In t h i s example , I w i l l demonstrate the LP/LA fo r the
s yn t h e s i s o f a g r a t i n g wi th 20 p r e s c r i b e d random notches .
% Meanings o f A l l These Various Parameters
% n 0 (no un i t ) : the average e f f e c t i v e index ( f o r example ,
n 0 i s c a l c u l a t e d from FimmWave us ing a 100nm ∗ 1um
waveguide )
% lambda center ( un i t : m) : the c en t r a l wave length used in
the a lgor i thm , which i s s e t to be 1550 nm (1550e−9 m) in
our case .
% Lambda ( un i t : m) : per iod o f the g r a t i n g
% de l ta omega ( un i t : mˆ−1) : wave length detuning range o f the
spectrum used f o r the a l gor i thm . I f we want to f i l t e r
between 1500 nm and 1600 nm, then de l ta omega has to
cover at l e a s t from 1500 nm to 1600 nm.
% d e l t a z : l e n g t h o f each d i s c r e t i z e d segment o f the g r a t i n g
% M: number o f wave l eng ths sampled in the whole spectrum
range (Note : M >= N)
% N: number o f d i s c r e t i z e d segments in the g r a t i n g
% L: o v e r a l l l e n g t h o f the g r a t i n g ( f o r example , d e l t a z =
10 um, N = 2500 , then L = 2500 ∗ 10um = 2.5 cm)
% Hann length : the number o f po in t s chosen f o r the Hanning
window func t i on ( the Hanning window i s mu l t i p l i e d to the
impulse f unc t i on to f o r c e i t
% become zero beyong c e r t a i n ranges )
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% lay e r a r r a y : the array o f g r a t i n g l a y e r s seen from de l t a z
, used f o r p l o t t i n g the r e s u l t s l a t e r
% N div ided : we d i v i d e each d e l t a z in t o even sma l l e r p ieces
, and each p i e ce w i l l have i t s a cons tant e f f e c t i v e index
, in t h i s case , N div ided = 100;
% m in l a y e r w i t h c on s t n e f f : the l e n g t h o f the minimum
segment wi th a constant , in t h i s case ,
m i n l a y e r w i t h c on s t n e f f = 100 nm
% layer array new : the new array o f g r a t i n g l a y e r s
% d e l t a i n t e r v a l : wave length detuning separa t i on between two
ne i ghbor ing wave l eng ths
% d e l t a : de tuning o f a l l t he wave l eng ths
% d e l t a c e n t e r : wavenumber o f the c en t r a l wave length
% lambda : a l l the wave l eng ths
% Note : the LP/LA opera t e s in both time domain and f requency
domain , so d e l t a ( which i s the
% wave length detuning ) shou ld be a equal−d i s tance , not
lambda ( wave length ) .
% po l a r i z a t i o n : ’TE’ or ’TM’ , not a c t u a l l y used in t h i s
example , because we are manually en t e r ing the e f f e c t i v e
index o f the mode
% lambda min : minimum wave length
% lambda max : maximum wave leng th
% lambda dip : p o s i t i o n s o f t h e s e 20 randomly−d i s t r i b u t e d
notches
% T amp dB : o rog ina l suppres s ion r a t i o s o f t h e s e 20 notches ,
note t ha t t h i s va lue can be enhanced by the t r i c k in the
a l gor i thm
% dip w id t h : o ro g ina l 3−dB width o f t h e s e 20 notches , note
t ha t t h i s va lue can be enhanced by the t r i c k in the
a l gor i thm
%%
% c l e a r a l l the parameters and the command window
clear ;
clc ;
% Set the parameters o f the LP/LA
% For d i f f e r e n t app l i c a t i on s , t h e s e parameters w i l l need to
be ad ju s t ed and opt imized cor r e spond ing l y
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n 0 = 1.454287 ;
lambda center = 1550e−9;
Lambda = lambda center / 2 / n 0 ;
delta omega = 1e5 ∗ pi ;
d e l t a z = pi / delta omega ; % Very important r e l a t i o n
accord ing to Fourier Transform
N = 2500 ;
L = de l t a z ∗ N;
M = 4 ∗ N;
Hann length = N;
l a y e r a r r a y = ( d e l t a z : d e l t a z : L) ;
N divided = 100 ;
m i n l a y e r w i t h c on s t n e f f = d e l t a z / N divided ;
l aye r a r ray new = ( m in l a y e r w i t h c on s t n e f f :
m i n l a y e r w i t h c on s t n e f f : L) ;
d e l t a i n t e r v a l = delta omega / (M − 1) ;
d e l t a = (− delta omega / 2 : d e l t a i n t e r v a l : de lta omega /
2) ;
d e l t a c e n t e r = 2∗pi ∗ n 0 / lambda center ;
lambda = 2∗pi ∗ n 0 . / ( de l t a + d e l t a c e n t e r ) ;
p o l a r i z a t i o n = ’TE ’ ;
lambda min = min( lambda ) ;
lambda max = max( lambda ) ;
lambda dip = [1532 1533 1535 1536 1537 1538 1540 1541 1542
1544 . . .
1545 1546 1547 1548 1549 1550 1554 1556 1557
1558]∗1 e−9;
T amp dB = 30 ∗ ones (1 , length ( lambda dip ) ) ;
d ip width = 0.08 e−9 ∗ ones (1 , length ( lambda dip ) ) ;
%%
% f i r s t , we ge t the lambda and d e l t a f o r a l l the wave l eng ths
c o r r e c t l y
% In the d e r i v a t i on o f our LP/LA algor i thm , wave leng th
detuning i s an equal−d i s t ance array . On the o ther hand ,
lambda
% i s not an equal−d i s t ance array ( a l t hough ne i ghbor ing
separa t i on i s more or l e s s the same) .
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% Otherwise the r e s u l t s w i l l be wrong ! !
[ lambda 1 , de l ta 1 , r t a r g e t ] = Sp e c t r um In i t i a l i z e ( n 0 ,
lambda min , lambda max , M, lambda dip , T amp dB ,
dip width ) ;
% Discre t e Fourier Transform and Hanning Window Procese
% To ge t a r e a l i a b l e spectrum fo r a ph y s i c a l l y−a ch i e v a b l e
g r a t i n g
h = f f t s h i f t ( f f t ( i f f t s h i f t ( r t a r g e t ) ) ) / M;
[ h hann and sh i f t ed ] = Hann and Shift Even h ( h ,
Hann length ) ;
r i n i t i a l = f f t s h i f t ( i f f t ( i f f t s h i f t ( h hann and sh i f t ed ) ) )
∗ M;
% Layer Pee l ing Algorithm
[ rho , q ] = Layer Pee l ing ( length ( lambda ) , N, r i n i t i a l ,
de l ta , d e l t a z ) ;
% I f we want even h i gher suppres s ion ra t i o s , we may j u s t
inc rea se q and rho p r o p o r t i o n a l l y to g e t l a r g e r
suppres s ion r a t i o s
% Note the s p e c t r a l p o s i t i o n s o f t h e s e notches are s t i l l t he
same , g r ea t ! !
rho = rho ∗ 5 ;
q = q ∗ 5 ;
% Layer Adding Algorithm
[ r r e c on s t r u c t ed ] = Layer Adding ( length ( lambda ) , N, rho ,
de l ta , d e l t a z ) ;
%%
% Plot some o f the r e s u l t s f o r v e r i f i c a t i o n
% Plo t the a b s o l u t e va lue o f q
subplot ( 4 , 1 , 1 ) ;
plot ( l ay e r a r r ay , abs ( q ) ) ;
grid on ;
xlabel ( ’ Grating Pos i t i on ’ ) ;
ylabel ( ’Abs o f q ’ ) ;
% Plot the ang l e o f q / Pi
subplot ( 4 , 1 , 2 ) ;
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plot ( l ay e r a r r ay , angle ( q ) /pi ) ;
grid on ;
xlabel ( ’ Grating Pos i t i on ’ ) ;
ylabel ( ’ Angle o f q / p i ’ ) ;
% Plot the t a r g e t t ransmiss ion spectrum
subplot ( 4 , 1 , 3 ) ;
plot ( lambda , 10∗ log10 ( (1−(abs ( r t a r g e t ) ) . ˆ 2 ) ) ) ;
xlabel ( ’Wavelength / nm ’ ) ;
ylabel ( ’ abs ( R target ) ’ ) ;
grid on ;
axis ( [ 1530 e−9 1560e−9 −80 10 ] ) ;
% Plot the r e cons t ruc t ed spectrum
subplot ( 4 , 1 , 4 ) ;
plot ( lambda , 10∗ log10 ( (1−(abs ( r r e c on s t r u c t ed ) ) . ˆ 2 ) ) ) ;
xlabel ( ’Wavelength / nm ’ ) ;
ylabel ( ’R l ay e r adding ’ ) ;
axis ( [ 1530 e−9 1560e−9 −80 10 ] ) ;
grid on ;
%%
% Up to now , we have ob ta ined va l u e s f o r rho and q
% Next , we w i l l c a l c u l a t e the e f f e c t i v e index d i s t r i b u t i o n
% Some more exp l ana t i on : f o r each d e l t a z (10 um in t h i s
example ) , t h e r e
% w i l l be a cons tant rho and a cons tant q ( rho and q
p ropo r t i ona l to one another ) .
% But each d e l t a z w i l l a s i n u s o i d a l l y−vary ing e f f e c t i v e
index var i a t i on , and the i n t e n s i t y o f t h i s v a r i a t i on i s q
.
% This i s why p r e v i o u s l y we d i v i d e each d e l t a z in t o another
100 sma l l e r
% p i e c e s (100 nm each ) , and each sma l l p i e ce has i t s own
cons tant e f f e c t i v e index .
% The e f f e c t i v e index w i l l be wr i t t en in t o a . t x t f i l e shown
below , which
% can be used f o r f u r t h e r index−mapping and f a b r i c a t i o n
purposes
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de l t a n a c = zeros (1 ,N) ;
d e l t a n dc = zeros (1 ,N) ;
theta n = zeros (1 ,N) ;
n ac tua l = zeros (1 , length ( l aye r a r ray new ) ) ;
i n d e x f i l e = fopen ( ’ i n d e x f i l e . txt ’ , ’w ’ ) ;
for i 1 = 1 : N
de l t a n a c ( i 1 ) = lambda center ∗ abs ( q ( i 1 ) ) / pi ;
the ta n ( i 1 ) = angle ( q ( i 1 ) ) − pi / 2 ; ;
for i 2 = 1 : N divided
z = laye r a r ray new ( ( i 1 − 1)∗N divided + i2 ) ;
n ac tua l ( ( i 1 − 1)∗N divided + i2 ) = n 0 + de l t a n a c
( i 1 ) ∗ cos ( 2∗pi / Lambda ∗ z + theta n ( i 1 ) ) ;
fpr intf ( i n d e x f i l e , ’ %20.12 f %20.6 f \n ’ , [
m i n l a y e r w i t h c on s t n e f f n ac tua l ( ( i 1 − 1)∗
N divided + i2 ) ] ) ;
end
end
fc lose ( i n d e x f i l e ) ;
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11.2.2 Matlab Function for Spectrum Initialization
Next, let me show the program used for generating the initial target spectrum.
In this example, a spectrum is generated with 20 notches. This part of the program
will need high customization if the user is handling different applications.
% This i s the func t i on f o r spectrum i n i t i a l i z a t i o n
% This par t shou ld be h i g h l y customized f o r d i f f e r e n t
a p p l i c a t i o n s
% In t h i s example , we put 20 notches in the spectrum , and
genera te a t a r g e t r e f l e c t i v i t y spectrum
% Meanings o f A l l These Various Parameters
% n 0 (no un i t ) : the average e f f e c t i v e index ( f o r example ,
n 0 i s c a l c u l a t e d from FimmWave us ing a 100nm ∗ 1um
waveguide )
% M: number o f wave l eng ths sampled in the whole spectrum
range
% lambda min : minimum wave length
% lambda max : maximum wave leng th
% de l ta min : minimum wave length detuning ( t h i s corresponds
to lambda max )
% de l ta max : maximum wave length detuning ( t h i s corresponds
to lambda min )
% d e l t a s h i f t : s h i f t o f a c t ua l wave length detuning ( because
in Di sc re t e Fourier Transform , d e l t a i s from [−x , x ]
cen tered at 0)
% lambda dip : p o s i t i o n s o f t h e s e 20 randomly−d i s t r i b u t e d
notches
% T amp dB : o rog ina l suppres s ion r a t i o s o f t h e s e 20 notches ,
note t ha t t h i s va lue can be enhanced by the t r i c k in the
a l gor i thm
% dip w id t h : o ro g ina l 3−dB width o f t h e s e 20 notches , note
t ha t t h i s va lue can be enhanced by the t r i c k in the
a l gor i thm
% d e l t a i n t e r v a l : wave length detuning separa t i on between two
ne i ghbor ing wave l eng ths
% de l ta omega ( un i t : mˆ−1) : wave length detuning range o f the
spectrum used f o r the a l gor i thm . I f we want to f i l t e r
between 1500 nm and 1600 nm, then de l ta omega has to
cover at l e a s t from 1500 nm to 1600 nm.
% de l t a : de tuning o f a l l t he wave l eng ths
% lambda : a l l the wave l eng ths
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% T amp : t ransmiss ion va l u e s in percentage
% R amp : r e f l e c t i o n va l u e s in percentage
% no lambda dip : number o f notches , in t h i s case ,
no lambda dip = 20
% R to t a l : o v e r a l l r e f l e c t i o n spectrum
% r t a r g e t : o v e r a l l r e f l e c t i v i t y spectrum
function [ lambda , de l ta , r t a r g e t ] = Sp e c t r um In i t i a l i z e (
n 0 , lambda min , lambda max , M, lambda dip , T amp dB ,
dip width )
% Note t ha t r t a r g e t , lambda , d e l t a i s r e v e r s d i s p l a y ed from
1600nm to 1500nm
de l ta min = 2∗pi ∗ n 0 / lambda max ;
delta max = 2∗pi ∗ n 0/ lambda min ;
d e l t a s h i f t = ( de l ta min + delta max ) / 2 ;
delta omega = delta max − de l ta min ;
d e l t a i n t e r v a l = delta omega / (M − 1) ;
d e l t a = [− delta omega / 2 : d e l t a i n t e r v a l : de lta omega /
2 ] ;
lambda = 2∗pi ∗ n 0 . / ( de l t a + d e l t a s h i f t ) ;
T amp = 10.ˆ−(T amp dB / 10) ;
R amp = 1 − T amp ;
no lambda dip = length ( lambda dip ) ;
R tota l = zeros (1 ,M) ;
for n = 1 : no lambda dip
R(n , : ) = R amp(n) . / cosh ( (2∗ ( lambda − lambda dip (n) )
/ dip width (n) ) . ˆ4 ) ;
% R(n , : ) = R amp(n) ∗ exp ( −2 ∗ ( 2 ∗ ( lambda −
lambda dip (n) ) / d i p w id t h (n) ) .ˆ20 ) ;
R tota l = R tota l + R(n , : ) ;
end
r t a r g e t = R tota l . ˆ 0 . 5 ;
end
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11.2.3 Matlab Function for Obtaining a Realizable Spectrum
% This i s the func t i on f o r ach i e v ing a r e a l i z a b l e spectrum
% A r e a l i z a t i o n spectrum has the f o l l ow i n g proper ty : i t s
impulse response
% h( t ) w i l l a lways be zero i f t <= 0. h ( t ) i s non−zero on ly
when t > 0 .
% The reason i s f o r a p h y s i c a l l y−r e a l i a b l e gra t ing , the
% impulse hasn ’ t seen the g r a t i n g ye t when t <= 0.
% Meanings o f A l l These Various Parameters
% h : o r i g i n a l impulse response , which needs to be t r e a t e d
% Hann length : s i z e o f the Hanning window
% Hann array : the hanning window
% h l en g t h : number o f samples in the o r i g i n a l impulse
response
% Hann l eng th ha l f : h a l f o f the Hann length
% h l e n g t h h a l f : h a l f o f the h l e n g t h
% l e n g t h s h i f t : d i f f e r e n c e between Hann l eng th ha l f and
h l e n g t h h a l f
% h hann and sh i f t e d : r e a l i z a b l e impulse response , which
s t a r t s on ly at t > 0
function [ h hann and sh i f t ed ] = Hann and Shift Even h ( h ,
Hann length )
%Now use the Hanning window
Hann array = hann ( Hann length ) ;
h l ength = length (h) ;
Hann length ha l f = Hann length /2 ;
h l e n g t h h a l f = h length /2 ;
l e n g t h s h i f t = ( h l ength − Hann length ) /2 ;
h hann and sh i f t ed= zeros (1 , h l ength ) ;
for j 1 = 1 : Hann length
h hann and sh i f t ed ( j 1 + h l e n g t h h a l f ) = Hann array ( j1 )




11.2.4 Matlab Function for the Layer Peeling Step
% This i s the func t i on f o r Layer Pee l ing
% I t c a l c u l a t e s rho and q f o r a l l d i s c r e t i z e d segments in
the g r a t i n g
% Meanings o f A l l These Various Parameters
% rho (no un i t ) : complex r e f l e c t i o n c o e f f i c i e n t
% q ( un i t : mˆ−1) : complex coup l ing c o e f f i c i e n t
% M: number o f wave l eng ths sampled in the whole spectrum
range (Note : M >= N)
% N: number o f d i s c r e t i z e d segments in the g r a t i n g
% r i n i t i a l : i n t i t i a l t a r g e t r e f l e c t i v i t y spectrum which i s
r e a l i z a b l e
% d e l t a : de tuning o f a l l t he wave l eng ths
% d e l t a z : l e n g t h o f each d i s c r e t i z e d segment o f the g r a t i n g
% r : in the i t e r a t i v e for−loop , r r epe seen t the r e f l e c t i v i t y
spectrum seen from the current l a y e r
% r new : in the i t e r a t i v e for−loop , r new repeseen t the
r e f l e c t i v i t y spectrum seen from the next l a y e r
function [ rho , q ] = Layer Pee l ing ( M, N, r i n i t i a l , de l ta ,
d e l t a z )
rho = zeros (1 ,N) ;
q = zeros (1 ,N) ;
r = zeros (1 ,M) ;
r new = zeros (1 ,M) ;
r = r i n i t i a l ;
%ca l c u l a t e the complex coup l ing c o e f f i c i e n t
for n = 1 :N
rho (n) = mean( r ) ;
r new = exp(− i ∗2∗( d e l t a )∗ d e l t a z ) .∗ ( r − rho (n) )
. / ( 1 − rho (n) ’ ∗ r ) ;
q (n) = − 1/ d e l t a z ∗atanh ( abs ( rho (n) ) ) ∗ ( rho (n) )
’ / abs ( rho (n) ) ;




11.2.5 Matlab Function for the Layer Adding Step
% This i s the func t i on f o r Layer Adding
% I t c a l c u l a t e s the recons t ruc tued spectrum from the va l u e s
o f rho ( which are e q ua v i l e n t to the e f f e c t i v e index )
% Meanings o f A l l These Various Parameters
% rho (no un i t ) : complex r e f l e c t i o n c o e f f i c i e n t
% M: number o f wave l eng ths sampled in the whole spectrum
range (Note : M >= N)
% N: number o f d i s c r e t i z e d segments in the g r a t i n g
% d e l t a : de tuning o f a l l t he wave l eng ths
% d e l t a z : l e n g t h o f each d i s c r e t i z e d segment o f the g r a t i n g
% r : in the i t e r a t i v e for−loop , r r epe seen t the r e f l e c t i v i t y
spectrum seen from the ( i +1) th l a y e r
% r new : in the i t e r a t i v e for−loop , r new repeseen t the
r e f l e c t i v i t y spectrum seen from the i t h l a y e r
% Layer Adding opera t e s from the l a s t l a y e r o f the g r a t i n g
to the f i r s t
% l a y e r o f the gra t ing , which i s why we c a l l i t ”Adding ” .
% The r e f l e c t i o n spectrum seen from the l a s t l a y e r i s
b a s i c a l l y zero f o r
% a l l wave lengths , because a l l the output l i g h t w i l l be
t ransmi t t ed wi thout any
% r e f l e c t i o n a f t e r the whole g r a t i n g .
function [ r r e c on s t r u c t ed ] = Layer Adding ( M, N, rho ,
de l ta , d e l t a z )
r = zeros (1 ,M) ;
r new = zeros (1 ,M) ;
for j 1 = 1 : N
%the s t a r t i n g l a y e r j2
j 2 = N + 2 − j 1 ;
r new = ( r + exp(− i ∗2∗( d e l t a )∗ d e l t a z ) ∗ rho ( j 2 −
1) ) . / ( exp(− i ∗2∗( d e l t a )∗ d e l t a z ) + r ∗ ( rho ( j2 −
1) ) ’ ) ;
r = r new ;
end
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